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FOREWORD
Traumatic brain injury (TBI) is caused by local tissue deformation at the time of trauma,
leading to neurological dysfunction. In the United States alone, 2.87 million people sustain a TBI
each year, one fifth of which result in death. These fatal head injuries are commonly characterized
by traumatic axonal injury (TAI). TAI is produced by rapid head acceleration/deceleration during
a traumatic event with consequent local shear/tension on neural tissues and axons contributing to
secondary cellular injury. More than 85% vehicular crash-related blunt head injuries result in TAI.
The Head Injury Criterion (HIC) is currently used by the US government as the
biomechanical injury criterion for the evaluation and design of vehicular safety systems. It does
not account for local tissue responses. The measurements of the local tissue response parameters
(e.g. strain, stress, pressure) within an in vivo brain continues to be a significant challenge,
particularly under dynamic loading conditions. Currently, the relationship between the local
mechanical responses within the brain tissue and subsequent injury to this tissue is not understood.
Finite element (FE) modeling of TBI is an effective approach to compute local a mechanical
response and correlate it to the injury location and severity quantified by in vivo animal
experimental models.
The three main objectives of this study were 1) to develop and validate an anatomicallybased finite element model of the rat head and whole body; 2) to simulate in vivo brain injury of
various severities from rat closed-head impact acceleration experiments and to predict local
biomechanical parameters including pressure, strain, and strain rate in white matter tracts; 3) to
correlate the predicted biomechanical responses with the quantified axonal pathology in the in vivo
rat brain, thereby establishing tissue thresholds for TAI.
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CHAPTER 1 INTRODUCTION AND SIGNIFICANCE
1.1

STATEMENT OF THE PROBLEM

1.1.1 EPIDEMIOLOGY OF TBI AND DAI
The brain is a complex and vulnerable structure of the human body; it can be easily injured
during accidents (Cloots et al., 2013). Traumatic Brain injury (TBI) is primarily caused by
mechanical loading to the head either through direct impact or significant head motion. According
to a report from the Centers for Disease Control and Prevention (Peterson et al., 2019), an
estimated 2.87 million TBIs occur in the United States annually, of which 56,800 resulted in death
and 288,000 required hospitalization (Figure 1-1 A). TBI is the third most important contributing
factor (30.5% ) of all injury-related deaths in the United States (Faul et al., 2010). The leading
causes of TBI are falls and motor vehicle accidents although the TBI-associated death rate of
vehicle accidents declined dramatically between 2006 and 2014 (Figure 1-1 B). Furthermore, the
number of sport related TBIs showed a slight reduction between 2012 and 2016, despite their
general increase between 2001 and 2012. Though TBI protection has improved for vehicles and
sports over the past few years, it is still a large problem in the United States and deserving of
significant examination.
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Figure 1-1 TBI data from the Center for Disease Control and Prevention (Peterson et al., 2019)
EDHD: Emergency Department visits, Hospitalizations, Deaths

TBI can be categorized into two types: diffuse and focal (Figure 1-2). Diffuse axonal injury
(DAI) is the most frequent type of TBIs (Wright and Ramesh, 2012), classified under diffuse brain
injuries. Generally associated with the mechanical disruption of innumerable axons throughout the
brain, DAI is characterized by immediate onset of coma to prolonged coma and can potentially
lead to cognitive dysfunction (Gennarelli et al, 1982). DAI can cause damage to individual nerve
cells and loss of connections (Rashid et al., 2014). Earlier studies reported that DAI occurs among
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35% of fatal head injuries and among 50% severe head injuries (Gennarelli, 1983; Gennarelli,
1993). Marshall et al. reported, based on the Traumatic Coma Data Bank, that there is a 55%
chance of DAI in severe TBI (Marshall et al., 1991). A later study found that almost every fatal
head injury had DAI (Gentleman et al., 1995). Ross et al. reported that DAI occurs in more than
85% of vehicular crash-related severe head injuries (Ross et al., 1994).
Deaths caused by TBI are mostly found in patients under the age of 50, the primary work
force of society (Hilario et al., 2012). DAI patients have a high morbidity rate and often suffer
significant neuropsychological sequelae, resulting in a large health care burden (Li and Feng,
2009). TBI related costs are estimated at about $60 billion annually in the United States
(Finkelstein et al., 2006).

Figure 1-2 Head injury categrory (Schmitt et al., 2014)
1.2

CLINICAL AND PATHOLOGICAL FEATURES OF DAI
DAI has been referred to by several names throughout history: shearing injury (Strich 1970,

Peerless and Rewcastle 1967), diffuse damage to white matter (Adams et al.1977), diffuse white
matter shearing injury (Zimmerman, Bilaniuk and Gennarelli 1978), and inner cerebral trauma
(Grcevic 1982). Adam et al also included primary brainstem injury as a term for DAI (Adams et
al., 1989). Recently, it has been suggested that DAI be renamed to Traumatic Axonal Injury (TAI)
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due to the extent of the injury being multifocal among white matter structures rather than diffuse
(Smith and Meaney, 2000).
In clinical terms, a DAI can be defined as impacting a patient who sustained TBI with the
absence of a focal brain lesion, with or without prolonged unconsciousness, coma and/or profound
morbidity. Postmortem patients exhibit a few focal damages and diffuse brain damages involving
disruption of axons of diverse caliber in several white matter structures, such as the corpus
callosum (cc), internal capsule, brainstem and parasagittal white matter (Smith et al., 2013). Axons
may not be torn initially after a TBI, though later cascade reactions may occur and can result in
axonal disconnection. When or if swelling occurs at the axons, resulting in a fully blocked signal,
it is termed as “axonal bulbs” or “reactive axonal swellings”. In the other case, a series of swellings
along an axon which does not fully block signal transportation is termed “axonal varicosities”
(Ahmadzadeh et al., 2014). The level of triggering mechanical loading and the level of severity at
which an axon is recoverable are still not understood.
Based on the pathology features, DAI has been classified into three grades. Grade 1 is a
mild injury defined when axonal injury occurs anywhere in the brain. Grade 2 is a moderate injury
in which axonal injury is accompanied by additional focal lesions in the cc. Grade 3 is a severe
injury where a focal lesion is also found in the brainstem along with axonal injury and focal lesions
in the cc (Adams et al., 1989).
1.3

BACKGROUND AND SIGNIFICANCE
TBI is caused by mechanical loading (including impact and acceleration) and more recently

related to blast overpressure. Brain injury caused by mechanical loading has been a topic of
research since 1944 (King et al., 1995). Researchers have focused on three characteristics of
mechanical loading conditions involved in a traumatic event: direction, duration, and type of head
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motion (Meaney, 2015). During the early stages of inquiry, researchers used cadavers, animals,
and physical models as human surrogate models. Then, in the 1980’s, numerous animal in vivo
and in vitro models were introduced. Recently, it has become common for computer models and
imaging analysis to be included in the understanding of the mechanisms (Melvin and Yoganandan,
2015; Smith et al., 2013; Wang and Ma, 2010).
It is commonly understood that DAI is produced by rapid head acceleration/deceleration,
with/without direct contact during a traumatic event with consequent shearing and tension on
axons(Adams et al., 1982; Kelley et al., 2006). Initial mechanical loading causes the axonal injury
due to local deformation or stress which ultimately results in a cascade of pathological responses
(Smith et al., 1999). Experiments show that for low rate stretching i.e. strain rate ~ 0.01 /s, the
axon can stretch up to twice the original length without any damage. However, in the case of
dynamic stretching i.e. strain rate >26/s, multiple swellings were observed in axons (0.58–0.77
strain) (Smith et al., 1999).
Some criteria of brain injury were proposed based on head motion (translation and rotation)
in earlier studies. However, they are not sufficient to precisely describe the causes of injury even
though mechanical loading is widely accepted as the underlying reason. Because the human
cadaver cannot provide the injury information, tissue and cellular level injury criteria were
proposed using animal or cultured cells, based on the hypothesis that material properties of the
neuronal tissues and cells are the same between humans and animals. However, the in vivo model
is difficult to measure and transfer these criteria from the animal to the human level due to
geometry and size differences. While the simplified in vitro model cannot explain in vivo complex
loading conditions and extracellular environment.
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Existing in vivo and in vitro research in the field of brain injury mechanisms is not sufficient
to describe causes of injury although mechanical loading is widely accepted as the reason for the
injury. Therefore, many studies have examined the real-time local level injury with kinematic
loading based on computer models.
The finite element (FE) modeling technique is a numerical method in research dealing with
the effects of mechanical loading on humans. Many studies have used FE models to predict the
local level of injury criterion for brain tissues (Gentry, 1994; Mao et al., 2006; Mendis, 1992;
Miller et al., 1998; Stemper et al., 2011; Zhang et al., 2001b). The FE model can be built with
highly detailed anatomical structures of the brain and can measure the parameters that are difficult
to investigate from experiments. There are many studies which examine the real-time local level
of injury with the kinematic loading based on FE animal and human models. However, these can
not depict accurate information about localized injuries and they are also unable to mimic
widespread injury occurring from impact (Bain et al., 2003; Karami et al., 2009; Lamy et al., 2013;
Li and Feng, 2009; Miller et al., 2000; Smith et al., 1999; Strich, 1956).
1.4

STUDY OBJECTIVES
Recent studies suggest that the local response parameters at the time of trauma are believed

to contribute to the secondary injury. However, the precise relationships between the local tissue
(axonal bundles), mechanical responses, and resulting neural damage have not been fully
elucidated. Understanding the causal mechanisms and tissue thresholds of brain injury are the
prerequisites for developing improved injury criteria and designing effective protection systems/
devices for injury prevention.
The goal of this study is to quantify mechanical thresholds for white matter injury at the
tissue level by correlating the local mechanical response (e.g. strain, stress) with axonal pathology
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at various impact severities. The approach is to use a combined computational and experimental
model of TBI to elucidate how and to what degree the local tissue mechanical response is related
to damage in brain tissue. An anatomically and mechanically realistic FE model of the rat head
can serve as a tool to explore the internal mechanical responses of each brain structure for any
given mechanical insult. The measured head kinematics will enable the precise simulation of the
underlying brain response. By directly comparing the local tissue response (e.g. strain, stress) with
the axonal changes in the in vivo rat brain, the injury thresholds at the tissue level can be
established. Applying this information to the human head FE model will improve the human head
model for use in computer-aided design of safer environments and equipment.
1.5

SPECIFIC AIMS
The overall goal of this study is to elucidate the severity and extent of axonal damage

induced by a range of mechanical insults as a function of the tissue response and to determine the
mechanical thresholds for white matter injury. The advanced FE models and FE simulations of in
vivo experiments on rat TBI were employed. The proposed specific aims, hypothesis, and research
approach/method proposed to achieve the research objectives are described as follows:
Specific Aim 1: To develop and validate an anatomically-based FE model of the rat head
and full body for predicting in vivo brain injury induced by an impact acceleration model.
Hypothesis: It is hypothesized that local tissue response is directly related to the intrinsic nonlinear
and heterogeneous properties of the brain. The spatial and temporal profile of the response
parameters can only be characterized by a high-resolution, anatomically-detailed FE model.
The mechanical response of brain tissue in the region of axonal damage is extremely
difficult to measure in an in vivo condition, particularly under dynamic impact, and, in fact, has
never been directly measured. FE modeling of traumatic events offers a unique means of
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calculating such response under many conditions. In the proposed study, a high-resolution FE
model of a rat head with precise representations of anatomical structures, boundary details, and
inhomogeneous properties was developed and validated to allow a direct mapping between the
local strain response and axonal pathology.
Specific Aim 2: To simulate modified Marmarou’s in vivo rat head impact acceleration
tests and predict the biomechanical responses in the brain of the FE rat model.
Hypothesis: Axonal injury is caused by a combed translational and rotational motion of the head
resulting from traumatic head impact. The mechanical insult can be accurately simulated with the
help of head kinematics data measured during in vivo rat head impact tests conducted for this study.
The mechanical parameters transferred to the head during an impact acceleration model of
TBI have been quantified as part of the previous studies. These measurements are essential for
validating the model response due to impact, thereby enabling the precise simulation of the
underlying brain response. The full body model allows for the simulation of the head motion in a
realistic way and should improve prediction of the brain responses.
Specific Aim 3: To correlate the predicted biomechanical response (e.g. deformation map)
with the axonal changes (injury map) in the in vivo rat brain thereby establishing thresholds for
white matter injury.
Hypothesis: The mechanical response parameter (e.g. strain, rate, stress, pressure) are direct
measures of the mechanically induced damage, so the injury thresholds can be quantified during
impact at any given time. At the tissue level, the axonal injury threshold determined from the
animal brain can be directly translated to the human brain of a FE model.
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The severity and distribution of axonal pathology induced by impact acceleration injury in
the white matter of the brain was previously determined and quantified. This quantified pathology
was constructed as an axonal injury map. The model simulated responses were directly compared
to the axonal injury map on an element-to-element basis within specific anatomical regions. The
thresholds for axonal injury were then established using logistic regression analysis from the
binary categorized measurements taken on populations of elements based on experimental and
computer models.
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CHAPTER 2 LITERATURE REVIEW OF BIOMECHANICS OF TRAUMATIC BRAIN
INJURY
2.1

INTRODUCTION
TAI is the most frequent type of human TBI (Wright and Ramesh, 2012). Axonal injury is

a common feature of brain injury with poor outcomes. Its mechanism due to mechanical loading
is well known, but the local tissue response which causes injury is still not understood (Smith et
al., 1999). The following sections review key anatomical and biomechanical features of the head
as well as the current knowledge of the causal injury mechanisms for TBI and different TBI models
including FE models developed for preclinical research.
2.2

ANATOMY OF A RAT AND HUMAN BRAIN
Many researchers have accepted the rodent as the most suitable model for neurotrauma

study, and it is the most commonly used animal model for TBI (Cenci et al., 2002; Cernak, 2005).
Rat head and brain anatomy can be obtained from computer tomography (CT) and a magnetic
resonance image (MRI) of high-resolution. A detailed atlas of rat brain structures was also
published in 2007 (Paxinos and Watson, 2007). The functional structures of rodent and human
brains are quite similar (Figure 2-1). They both consist of a cortex, subcortical white matter, cc,
hippocampus, thalamus, cerebellum, brainstem and other structures. The major difference is that
a rat brain is lissencephalic compared to a human brain which is gyrencephalic (Figure 2-2).
Another noticeable difference between the two is that rat brains have a stronger functional
olfactory structure. However, these differences do not affect research on traumatic axonal injury
in which the brainstem, cc and other subcortical white matter regions are investigated.
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Figure 2-1 Human and rat brain
Taken from:
https://www.lakeforest.edu/live/image/gid/32/width/300/height/355/41773_193_Veldran_01.rev.
1519976192.png

Figure 2-2 Rat brain
Taken from: https://canvas.brown.edu/courses/851434/pages/comparative-neuroanatomy

12

2.3

IN VITRO TBI MODELS
TAI is caused by local mechanical stimulus to the axonal fibers (Smith et al., 1999). In

order to investigate these injury mechanisms, researchers often use different animal models of in
vivo or in vitro to introduce axonal injury. In vitro models can precisely control the loading
condition and simultaneously measure the cellular response. Some of the in vitro models (such as
transection, direct impact of nervous system cells, and pressure-induced injury) can mimic
penetrating and blunt impact injury (Morrison et al., 1998). During closed head traumatic
conditions, brain tissue deforms in shear and results in stretching of neural axons (Smith and
Meaney, 2000). Our study focuses on the cause of traumatic axonal injury in closed head nonpenetrating injuries, so we have reviewed in vitro models designed to study shear and stretch
condition caused by high strain and strain rate loading.
Literature of in vitro models usually describes test samples which consist of single axons,
nerve fibers, neural cell cultures, and organotypic brain slice cultures (Morrison et al., 2011). As
described in Morrison’s review in 1998 and 2011, the in vitro model of mammalian central nervous
system (brain and spinal cord) was developed as early as 1971, when a piece of 1mm3 rat cortex
was subjected to trauma by rotating a stir-bar. Their model, as other early in vitro models, did not
intend to reproduce clinically-relevant injury. With the increased knowledge of injury mechanism,
later in vitro models were developed to be more relevant to TBI or spinal cord injury in humans.
The in vitro injury models evolved from 2D to 3D, they can be measured by substrate strain
with some degree of neuron injury produced in a wide strain range (0.01 – 0.77) (Cernak, 2005;
Lighthall, 1988; Margulies and Thibault, 1992; McIntosh et al., 1987; Zhang et al., 2003). The
injury increase is significant when strain above 0.2, and sensitive to changes in strain rate.
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The advantages of an in vitro model are clear. An in vitro model can directly measure the
cell mechanical and pathological response when stimulus is applied, and precise control leads to
high reproducibility. Contrarily, an in vitro model’s simple monolayer of neurons to simulate
complex brain environment and extracellular environment is different from the in vivo condition.
Furthermore, if the cells are cultured, they are cultured from an embryo, which is different from a
mature animal. If the sample is sliced from an animal, the sample will already be injured when
dissected from the animal.
2.4

IN VIVO RAT MODELS OF TBI
Compared to an in vitro model, an in vivo model retains the complex extracellular

environment. It can track the complex physiologic, behavioral and histopathological changes after
transient mechanical loading. The rodent is the most frequently used animal of brain injury
research due to its low cost, small size and standardization (Cernak, 2005; O'Connor et al., 2011;
Xiong et al., 2013). The choice of animal models is based on the research purpose and injury
induction method, as well as the types of brain injuries of interest.
Figure 2-3 shows a general schematic representation of experimental TBI models (Cernak
2005). There have been many in vivo animal models which have created TAI by mimicking loading
conditions similar to real-world injury conditions. Some models mainly produce focal injuries,
along with less diffuse axonal injury. Their methods include contusion, controlled cortical impact,
fluid percussion, penetrating ballistic-like brain injury, or compression (LaPlaca et al., 2007;
Xiong et al., 2013). The other methods which can produce TAI are mainly impact acceleration
and non-impact acceleration models (Melvin and Yoganandan, 2015; O'Connor et al., 2011; Xiong
et al., 2013). Recently Xiong Ye and O’Connor, reported an extensive review of the laboratory
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animal models used for traumatic brain injury research (O'Connor et al., 2011; Xiong et al., 2013).
The following sections provide a brief summary on each of the experimental TBI models.

Figure 2-3 Schematic representation of in vivo experimental models of TBI (Cernak, 2005)
2.4.1 DYNAMIC CORTICAL DEFORMATION (DCD)
Although there are many in vivo DAI models, only two in vivo rat models can predict brain
injury with measurable tissue deformation. The dynamic cortical deformation (DCD) was
developed by Shreiber (Shreiber et al., 1997) . This method applied negative pressure on an open
skull area, which caused brain injury and could measure surface brain deformation (Figure 2-4).
However, the deformation in the subcortical region was not able to be measured. The axonal injury
criterion for this method was 0.19 logarithmic strain. Strain was calculated by a Finite Element
(FE) model. In current study, the FE model was validated DCD experiment; it predicted brain
deformations via experimental data in terms of both peak value and temporal profile.
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Figure 2-4 FE rat brain model simulates DCD (Sheriber et al. 1997)
2.4.2 IN VIVO OPTIC NERVE STRETCH
Another model, developed by Bain and Meaney, stretches the optical nerve of a rat (Bain
and Meaney, 2000) (Figure 2-5). This is the only model which can directly measure the axonal
deformation at the injury level in situ (though they claim it was in vivo, the animal was euthanized
before testing). Their optimal morphological damage Lagrangian-strain threshold was 0.21, and
electrophysiological impairment Lagrangian-strain was 0.18. However, the optical nerve is
different (e.g. undulation level difference) from the other whiter matters, such as the corpus
callosum and brainstem. The loading conditions were also simplified into stretching only.
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Figure 2-5 Bain and Meaney optical nerve stretch experiment (Bain and Meaney 2000)
2.4.3 SPINAL NERVE ROOT STRETCH
Functional and morphological deficits have also been tested through spinal nerve root
stretching (Singh, 2006). In this test, strain and strain rate were used to study the Sprague-Dawley
rat spinal nerve root at L5 (Figure 2-6). The test opened the dura of nerve fiber, but the pia and
arachnoid were unaltered, so there could have residual membrane effects. Results showed a 50%
probability that the signal had a complete conduction block at strain levels of 16%, 10% and 9%
for 0.01mm/sec, 1mm/sec and 15mm/sec, respectively. Thus, this test also encountered the same
problems as optical nerve tests.
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Figure 2-6 Spinal nerve root stretch experiment setup (Singh, 2006)
Summary: The DCD, optical nerve stretch, and spinal nerve stretch test were open skull or
spine tests which allowed the direct measurement of the loading tissues. However, the DCD
could only measure the surface cortical brain region; the deformation information in white matter
was calculated by the FE model to estimate the injury threshold. The optical nerve and spinal
nerve stretch tests relied on the axonal bundle, which has different structures than the white
matter components included in the TAI. Furthermore, their loading conditions were simplified.
Therefore, their estimated threshold for axonal injury were not sufficient to explain DAI.
2.4.4 FLUID PERCUSSION INJURY MODEL (FPI)
The FPI test uses a pendulum to strike the piston of reservoir fluid to produce a fluid
pressure pulse to test the brain region with intact dura (Figure 2-7). The craniotomy is usually in
the midline or laterally between bregma and lambda (Dixon et al., 1987; McIntosh et al., 1989;
McIntosh et al., 1987). The repeatable injuries of this method are intracranial haemorrhage, brain
swelling and progressive grey matter damage. The injury severity can be controlled by the strength
of the pressure pulse of the fluid. The lateral FPI is mostly used in the rat model. It can produce
both focal and diffused injury including wide spread DAI (Cernak, 2005; Graham et al., 2000;
Thompson et al., 2005). The disadvantage of FPI is its high mortality rate as compared to other
models of severe conditions.
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Figure 2-7 Fluid percussion injury experiment setup (Xiong et al., 2013)
2.4.5 CONTROLLED CORTICAL IMPACT INJURY MODEL (CCI)
The CCI tests use a pneumatic or electromagnetic driven piston to impact the open brain
surface (Figure 2-8). The impact velocity, impact time, and depth are easy to control. Craniotomy
is usually performed unilaterally between bregma and lambda with intact dura (Dixon et al., 1991;
Lighthall, 1988). This setup can produce acute subdural hematoma, axonal injury, concussion,
blood-brain barrier (BBB) dysfunction, cortical tissue loss, and coma (Dixon et al., 1991; Lighthall,
1988; Lighthall et al., 1990; Smith et al., 1995).

Figure 2-8 Controlled cortical impact injury model (Xiong et al., 2013)

2.4.6 PENETRATING BALLISTIC-LIKE BRAIN INJURY MODEL (PBBI)
The PBBI device includes a transmission of a projectile with high energy that generates a
shock wave transferred to the target brain (Figure 2-9) and produces a temporary cavity in the
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brain which is usually the size of the projectile (Williams et al., 2005). Depending on the energy
transferred, the injury would have white and grey matter damage, brain swelling, seizure, cortical
spreading depression and neuroinflammation (Williams et al., 2006a; Williams et al., 2006b). The
disadvantage of PBBI model is that it causes extensive intracerebral hemorrhage compared to other
animal models.

Figure 2-9 Penetrating ballistic-like brain injury model (Xiong et al., 2013)
2.4.7 WEIGHT DROP TBI MODEL
Weight drop models release a free-falling, guided weight on to an exposed skull. Feeney’s
model directly dropped weight onto the intact dura after a craniotomy (Feeney et al., 1981), which
caused a cortical contusion (Figure 2-10). Shohami’s model delivered weight to one side of the
unprotected intact skull (Shohami et al., 1988) to cause focal blunt injury. In these models the rat
head was supported by a hard surface beneath the prone rat.

Figure 2-10 Feeney’s weight-drop (Xiong et al., 2013)
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2.4.8 MARMAROU IMPACT ACCELERATION (IA) MODEL
A challenge to the investigation of closed-head, diffuse, traumatic brain injury is the
difficulty of inducing an isolated but significant degree of axonal injury without a concomitant
focal contusion and skull fracture. Marmarou and his colleagues (1994) developed an impact
acceleration device that can reliably produce axonal changes in a closed head injury in rodents
(Figure 2-11) (Marmarou et al., 1994). Briefly, the head of the anesthetized animals is placed
unrestrained in a prone position on a foam bed, which is adjusted to the end of the device, and a
head impact is delivered via a free-falling weight. The drop weight and height are controllable so
as to produce a graded axonal injury in various white matter tracts (Marmarou et al., 1994, Foda
and Marmarou, 1994, Beaumont et al., 1999, Kallakuri et al., 2003). The Marmarou impact
acceleration (IA) model reliably mimics a closed head injury induced by a combined linear and
angular head impact and is capable of producing significant TAI in discrete white matter tracts
including the corpus callosum and brainstem without concomitant focal contusion and skull
fractures in rats (Marmarou et al., 1994). The resulting injury is mainly diffuse with extensive
traumatic axonal injury.

Figure 2-11 Original Marmarou impact acceleration injury model (Marmarou et al., 1994).
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By modifying Marmarou’s model, the Maryland model impacts the head’s anterior region
(Figure 2-12) (Kilbourne et al., 2009) instead of the top of the head. In this model, a steel ball rolls
down through a pair of parallel rails at a 66° angles of the lengthy ends and curves into the shorter
horizontal ends. The rolling ball then strikes the end of the coupling arm in which the other end is
engaged with the malar processes of the rat bilaterally. Similar to the Marmarou model, the injury
is mainly diffuse; however, the two models differ in injury distribution. In the Maryland model,
brainstem injury is not severe, but the cerebellum injury is prominent compared to Marmarou’s
model. The overall injury severity of these three weight drop models can be adjusted by dropping
at different weights and heights.

Figure 2-12 Maryland’s weight-drop (Xiong et al., 2013)
2.4.9 INERTIAL ROTATIONAL ACCELERATION MODEL
The non-impact rotation acceleration model usually involves moving an actuator, in which
the animal head is forced to rotate around the lower cervical spine through a head-neck collar
device. Some of those models allow free motion of the head, but the majority constrain the head
at a certain degree in various planes (sagittal, coronal, horizontal, or oblique) (Gennarelli et al.,
1980; Gennarelli, 1983; He et al., 2000; Ross et al., 1994). The rat non-impact acceleration models
rotate in the sagittal or coronal planes. Sagittal rotation tests by Davidsson (Figure 2-13), found

22

high concentration of injury in the pyramidal tracts of the brainstem (Davidsson and Risling, 2011).
He’s model rotated in the coronal plane at a 90-degree angle, resulting in a severely injured
brainstem. (Figure 2-14) (He et al., 2000). In addition, Ellignson (2004) and Fijalkowski’s (2007)
studies were loaded with higher acceleration than He’s with the same time duration (approximately
2ms) (Figure 2-15); the outcome was a concussion without significant axonal swelling.

Figure 2-13 Sagittal rotation model (Davidsson and Risling, 2011)

Figure 2-14 Coronal rotation model (He et al 2000)
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Figure 2-15 Coronal rotation model (Fijalkowski et al 2007)
2.4.10 COMBINED IMPACT AND NON-IMPACT ACCELERATION
The impact and non-impact acceleration model by Wang 2010, combined Marmarou and
He’s models (Figure 2-16) (Wang and Ma, 2010). As shown by the image, the rat on the bed foam
is impacted by the falling weight first, which causes a sagittal acceleration, then rotated in the
coronal plane by the triggered coil after sagittal acceleration. This model also rotates the supporting
bed, which means the rat head and body rotate in the coronal plane together. Because of this, the
model induces less injury within the brainstem region than He’s.
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Figure 2-16 Combined weight-drop and rotation model (Wang and Ma, 2010)
2.5

MODIFIED MARMAROU IMPACT ACCELERATION MODEL
In spite of the widespread utility of the Marmarou model in studying various aspects of

TBI, there is very limited work on the mechanical responses of the model. Recently, the original
model was modified at Wayne State University (WSU) in order to measure the real-time
mechanical insult and responses of the rat head during impact. The model has been modified and
expanded to monitor velocity, displacement into the foam, head linear kinematics and head angular
kinematics during impact injury of various severities (Zhang et al. 2010, Li et al., 2011). For the
first time, results of this study showed the relationship between measured rat head kinematics and
quantified axonal changes in both Cerebrospinal Fluid (CSF) and serum as detailed in Li’s
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dissertation work at WSU (Li 2015). This modified device is reviewed in section 4.2. The
experimentally measured data is used to validate the model and provide a loading to the rat head
of FE to simulate the local tissue responses.
2.6

SUMMARY OF THE IN VIVO MODELS
The pathological feature of human diffuse axonal injury was observed in the subcortical

white matter, upper brainstem and cerebellum (Gennarelli et al., 1982; Smith et al., 1998). Among
all TBI models, only Marmarou’s weight-drop model has high repeatability of diffuse axonal
injury in several grades without skull fracture in complex loading conditions (Table 2-1). The
model affords a high yield of massive injured axons, particularly in the corpus callosum, internal
capsule, optic tracts, cerebral peduncles and long tracts in the brainstem. The WSU group has used
this device to quantify the axonal injury in the corpus callosum and optic chiasm in the rat brain
(Zakaria et al., 2012). More recently, researchers at WSU have modified Marmarous’ device to
produce consistent, repeatable and accurate mechanical insult to the rat head (Kallakuri et al., 2012;
Li et al., 2011a; Li et al., 2011b). The use of the real-time measurement of head kinematics
(translation and rotation) from sensors attached to the head enables the correlation of axonal
pathology with traumatic force experienced by the animals. Furthermore, we have characterized
the mechanical properties of the foam used in this device, which allows us to simulate FE model
of an entire rat body with impact conditions to provide a sufficient boundary to the brainstem.
However, the mechanical response of brain tissue in the region of axonal damage is extremely
difficult to measure in an in vivo condition, particularly under dynamic impact, and, in fact, has
never been directly measured. FE modeling of traumatic events offers a unique means of
calculating such responses under many conditions.
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Table 2-1 In vivo model caused injuries (Combined table based on Gennarelli, 1994; O'Connor et
al., 2011; Xiong et al., 2013)
TBI
Concussion Contusion Axonal Haemorrhage Skull
injury
fracture
Shohami’s and Marmarou’s
++
+
++
+
+/weight-drop models
Feeney’s weight-drop model
+
++
+
+
Maryland’s model
+
++
+
Fluid percussion injury
+
++
+
+
Controlled cortical impact
+
++
+
++
injury
Blast injury
++
+/++
+
+/Penetrating ballistic-like brain +
++
+
++
+/injury
Dynamic cortical impact
Inertial acceleration
++
+/++
+
Impact acceleration
++
+
++
+/Does not replicate the condition observed in humans
+/Might replicate the condition observed in humans
+
Replicates the human condition to some degree
++
Highly fidelity to the human condition

2.7

FE HUMAN HEAD MODEL OF TBI
Because of the limitations of in vivo and in vitro experiments to address tissue level

mechanics, computer modeling using anatomically detailed, high-resolution finite element models
becomes important in the investigation of injury mechanisms and tissue responses. It is
furthermore essential that the FE model be validated rigorously. There are many FE models of
brains of various species developed during the last five decades (Yang et al., 2011) including
several human head FE models to investigate brain injury. The first one was developed by Hardy
(Hardy and Marcal, 1973). Additional head models were developed in 1990s; however, only a few
of those models were validated against experimental results (Bandak and Eppinger, 1994; DiMasi
et al., 1995; Kang et al., 1997; Mendis, 1992). For example, the early versions of head models
developed by Wayne State University researchers were validated against experimental pressure
data (Ruan et al., 1994; Zhou et al., 1995). Kang’s model was also validated against pressure. In
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the 21st century, a number of head models have been developed with more realistic geometry and
validated; these models include, but are not limited to Wayne State University Head Injury Model
(WSUHIM) (2001), Simulated Injury Monitor (SIMon) (2008), Total Human Model for Safety
(THUMS), and Global Human Body Modeling Consortium (GHBMC) (Horgan and Gilchrist,
2003; Iwamoto et al., 2007; Kleiven, 2007; Mao et al., 2013; Takhounts et al., 2008; Zhang et al.,
2001a).
2.7.1 WAYNE STATE UNIVERSITY HEAD INJURY MODEL (WSUHIM)
The WSUHIM, THUMS and SIMon are the most frequently used FE head models used
today. WSUHIM has the most realistic geometry, anatomical structures and fine mesh (Figure
2-17). The mesh size of WSUHIM version 2001 has an approximate 2 mm element resolution
which can represent detailed human head structures, such as the cranium, brain, ventricles and
membranes in 3D (Zhang et al. 2001). The newest WSUHIM can simulate more complex loading
conditions and has become even more robust. The WSUHIM was applied to simulate on-field
National Football League (NFL) concussion injury data (Zhang et al., 2001a). Localized strain and
strain rate were found to have significant correlations with memory, cognitive impairments, loss
of consciousness and intervals required to return to plays sustained by concussed NFL players
(Zhang et al., 2003; King et al., 2003; Zhang et al., 2004; Viano et al., 2005).
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Figure 2-17 WSU Head Injury Model (WSUHIM) (Zhang et al. 2001) with detailed anatomical
structures: layered skull, dural partitions, meningeal, bridging veins, cerebral and cerebellum,
brainstem, gray and white matter structures, ventricles, facial bones and flesh.
2.7.2 GHBMC HEAD MODEL
Recently, the GHBMC (Global Human Body Modeling Consortium) 50th percentile male
head model was developed by Wayne State University (Figure 2-18) (Mao et al., 2013). It was
meshed by the blocking mesh method to better represent the geometry of each brain structure. The
element size is also approximately 2mm. It was validated against various human cadaveric head
responses using 35 head-impact experimental data sets. Recently, the WSU group (Zhou et al.,
2019) updated the GHBMC M50 head model to v5.0 (Figure 2-18) and validated the model against
a new set of brain strain data measured from cadaveric head impact experiments (Zhou et al., 2018).
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Figure 2-18 The GHBMC M50 head model v5.0 (Zhou et al., 2019)
2.8

FE ANIMAL HEAD MODEL OF TBI
The precise loading condition leading to brain injury at the tissue level cannot be

determined by a review of the clinical data or real word accident data where the crash condition is
difficult to recreate. Moreover, neuronal and physiological injury cannot be reproduced using
cadavers although mechanical measurements are readily available. As a result, human FE models
lack in vivo injury data to validate and localize. Thus, to overcome this shortage of human FE
models, animal FE models were introduced in research.
The animal FE model was first developed in the 1980s, and has increased in sophistication
due to increasing computational power. The overview of these animal FE head models was
summarized in Table1.1 of Mao’s thesis and Yang’s review book chapter (Mao, 2009; Yang et al.,
2011).
Ward (Ward et al., 1980) developed the monkey FE brain model; this model was validated
against the experiment of intracranial pressure and used to predict intracranial pressure during
impact. After that, many animal FE models were developed for different study purposes and
simulated differently in in vivo experiments (Anderson, 2000; Lee et al., 1987; Miller et al., 1998;
Shafieian et al., 2009; Shreiber et al., 1997; Ueno et al., 1995; Zhou et al., 1994; Zhu et al., 2006).
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Many animal species were studied; however, the models were highly simplified and few of them
were validated. For the purpose of studying brain injury, non-rodent experiments are difficult to
conduct, and cannot provide enough highly repeatable injury and kinematics data because of their
cost and size. The advantage of an FE rat model is that it is able to be compared to large amount
of experimental data.
2.9

FE RAT BRAIN MODELS
The rat is the most frequently used animal in preclinical laboratory studies because of its

size, cost, and standardization. shows a summary of developed 2D and 3D rat FE head models
from the most recent two decades (Baumgartner et al., 2011; Fijalkowski et al., 2009; Gefen et al.,
2003; Lamy et al., 2013; Levchakov et al., 2006; Mao et al., 2006; Pena et al., 2005; Shreiber et
al., 1997; Zhu et al., 2010). The first model was created by Shreiber in 1997 (Shreiber et al., 1997),
and the latest was created by Antona-Makoshi in 2014 (Antona-Makoshi et al., 2014). In addition
to increased computational power, FE modeling is becoming more sophisticated because of
advancements in MRI scanning.

Table 2-2 Summary of rat FE head models
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Mao’s model is the most detailed rat brain model among the existing models. It was
designed to study brain contusions induced by controlled cortical impact experiments. In CCI
model, the injury is produced by indenting the brain tissue through the craniotomy without
head/skull motion. Therefore, Mao’s rat model is incapable of simulating impact head acceleration
injury because it lacks neck and full body model which was essential boundary needed to assure
the realistic head kinematics. The model validation was only limited to peak brain deformation
magnitude and has never been validated against the dynamic change / temporal profile of brain
displacement. More importantly, because of the model is incapable of simulating dynamic head
motion, the validation of the brain deformation in the deeper brain structures, the important
site/tissue for predicting white matter injury could not be done. Only Antona-Makoshi developed
a neck mesh which can simulate a brainstem injury caused by the bending of the neck. AntonaMakoshi model used a different experimental test (other rat brain validated against DCD test) to
validate deeper brain tissue. For the brain-skull relative displacement validation, Antona-Makoshi
inserted a needle (d=0.5mm) into the rat brain 3mm depth from cortex and fixed the needle to the
skull (Figure 2-19). They then measured the scratch length in the brain at different depths from the
cortex surface following the experiment. By inserting the needle, they drilled a hole at 3.5mm back
from and 2.2mm to the right of Bregma. The scratch measurements were used to validate the FE
model by applying inertial rotation in the sagittal plane. They hypothesized that soft brain tissue
would be cut by the needle when the brain moved relative to the skull under acute loading. AntonaMakoshi’s results showed the scratch length reduced toward the brain center. The problem of this
model was that it lacked the validation of the properties of the meninges (pia-arachnoid) on the
brain surface and that the neck boundary was not validated. Furthermore, neither rat model was
validated for the impact acceleration test.
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Figure 2-19 Antona-Makoshi rat model validation set (Antona-Makoshi 2014)
Summary of FE Rat Models of TBI
Although Antona-Makoshi developed the neck FE mesh, the neck response was not
validated since the neck did not play a role in that study. None of the published rat models include
a detailed rat head as well as the full body, which can play a critical role for providing an in vivo
boundary environment to the brainstem as the whole body undergoes dramatic movement during
head impact acceleration injury. Furthermore, all of the models ignored the directional material
properties of white matter fiber bundles (see review in the next section) for the highly organized
white matter structures, such as the corpus callosum and brainstem.
Most of the rat FE models were validated against the DCD because that experiment was
the only one to be used to validate the entire rat brain performance. The DCD validation of earlier
studies was only limited to peak value; none of studies compared the temporal profile of brain
displacement between the FE model and in vivo responses. The DCD validation alone is inadequate
for a FE model to be used to simulate TAI caused by head motion because the subcortical
deformation (TAI injury site) was not reported and the head was fixed without movement.
Furthermore, none of the models had been validated against head impact acceleration experiments
due to a lack of experimental measurement data until recently when WSU developed a modified
and improved version of Marmarous impact acceleration model.
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In this study, a high-resolution FE model of a rat head with precise representations of
anatomical structures, boundary details, and inhomogeneous properties was developed. The model
was validated against the DCD experiment in terms of peak and temporal profile of brain
deformation. The model was also validated against brain-skull relative motion for the deep brain
material properties. Finally, the model was validated against head impact acceleration data from
our modified Marmarou’s in vivo DAI model. These validations ensured the bio-fidelity of the
computer model for simulating large deformation in the brain induced by a combined head
translation and rotation motion from a closed head impact. With detailed axonal pathology and
TAI counts quantified at the resolution of FE model element size (Kallakuri et al., 2012; Li et al.,
2011a; Li et al., 2011b), it is possible to map directly between the local strain response predicted
by the FE model and axonal pathology in a corresponding anatomical location. It is expected that
once this new animal model is developed and validated, it can be used to delineate and quantify
the tissue-level biomechanical response that leads to tissue damage for any loading condition
which cannot be determined by cadaveric testing or review of the clinical data.
2.10

BRIAN INJURY MECHANISM AND CRITERION
Brain injury can occur through many different mechanisms. In a vehicle accident, head

contact may or may not occur, but the head will be decelerated or accelerated (Figure 2-20). In
the absence of direct contact to the skull, the loading to the head is inertial. It is the movement of
the skull that causes the brain to be subjected to various stresses and strains which leads to
disruption of brain tissue and associated injury (King, 2000). The translational loading usually
causes focal brain injury while the rotational loading can cause both focal and diffuse brain injury
(Schmitt et al., 2019).
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Figure 2-20 Injury mechanism (Schmitt et al., 2019)
DAI is associated with mechanical disruption of white matter in various regions in the brain,
including the corpus callosum, corona radiata, midbrain and brainstem. The mechanism of brain
injury is due to mechanical loading on the tissue. Determination of the tissue-level biomechanical
responses and associated threshold which cause injury is important in order to improve the
understanding of the cause and effect relationship of brain injury (Margulies et al., 1990; Meaney
and Thibault, 1990). Ideally, the suitable biomechanical factor should be based on the mechanical
responses (such as strain or stress) when the state of injury occurs. However, the tissue level
response for neural injury is difficult to measure directly in an in vivo condition.
2.10.1 HEAD KINEMATICS BASED INJURY CRITERIA
Early studies often use global-level biomechanical loading to evaluate and determine the
criterion for brain injury. Since the 1940s, researchers have used animal models to investigate the
biomechanical factors related to brain injury, but the techniques for measuring the dynamic
responses during the experiment (such as impact severity) are limited (Melvin and Yoganandan,
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2015). The global translational and rotational kinematics were both studied, but only translational
head injury criterion was established (known as HIC).
Holbourn first hypothesized that translational acceleration could not produce significant
deformation of the brain by using a simple photoelastic model of the head. He then concluded that
the rotational motion of the head could produce diffuse effects in the brain (Holbourn, 1943).
Gurdjian and Lissner tested brain injury by producing a blow to the head and then recognized that
the brain’s rotation could be the reason for the brain injury. He also believed that the injury’s
severity would be equivalent regardless of impact when the rotation level was the same.
A study by Pudenz and Sheldon replaced the top skull of primates with a transparent plastic
material which allows direct viewing of surface brain motion (Pudenz and Shelden, 1946). They
found that dramatic brain motion was caused by rotational motion; however, their test could not
eliminate the air bubbles in between the contacts of the plastic cover and the brain, which could
have enhanced the brain motion, so the motion magnitude they found is not reliable.
Head Injury Criterion (HIC)
Translational predictor studies were first led by Gurdjan and Lissener (Gurdjian and
Lissner, 1944; Gurdjian et al., 1955). Results were summarized as injuries related to translation
acceleration magnitude and impulse duration, known as WSTC (Wayne State Tolerance Curve)
(Lissner et al., 1960). Gadd developed the WSTC into the GSI (Gadd Severity Index) (Gadd, 1962;
Gadd, 1966). NHTSA (National Highway Traffic Safety Administration) modified the GSI into
HIC which is still being used in automobile tests today. The hypothesis behind WSTC is that
translational acceleration produces a pressure gradient in the brain-stem region and causes injury.
Later extensive experimental work of Ono also proved that pure translational acceleration
produced by impact could cause cerebral concussion (Ono et al., 1980). The Head Injury Criterion
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(HIC) is currently used by the US government as the biomechanical injury criterion for the
evaluation and design of vehicular safety systems (FMVSS, 1972). When HIC is less than 1000,
the situation is considered not to be life threatening. HIC is calculated by equation 2-1:
𝐻𝐼𝐶 = 𝑚𝑎𝑥 {(𝑡
𝑡1 ,𝑡2

1

2 −𝑡1

𝑡

[∫ 2 𝑎(𝑡)𝑑𝑡]
)3/2 𝑡
1

2.5

}

(Eq. 2-1)

where t1: an arbitrary time in the pulse; t2: for a given t1, the time in the pulse which
maximizes the HIC, α: resultant acceleration at the head center of gravity.
Head Rotational Acceleration
In contrast to Holbourn’s hypothesis (Holbourn, 1945), in 1966, Ommaya et al (Ommaya
et al., 1966) found the direct impact caused one part of the injury and the rotation caused the other
part of the injury was caused by the combination of impact and rotation.
Ommaya and Gennarelli (Ommaya and Gennarelli, 1974) designed a series of tests to
mitigate impact effects by having only translation or rotation initial loading applied to the primate
subjects. The diffused brain injury was produced by a rotational motion when the rotational center
was at the cervical spine. A following study designed a head motion that was stopped by pad
deceleration (Gennarelli et al., 1979). This study also found the relationship between deceleration
level and diffuse brain injury: the higher and longer duration of deceleration, the larger the increase
in diffuse head injury.
Further analysis of Gennarelli’s series of study (Gennarelli et al., 1982; Gennarelli et al.,
1987) compared the overall deformation of the brain through physical models with DAI injury
patterns of animals to estimate the threshold of severe DAI. Shear strain was estimated to be 10%,
and the estimated threshold of rotation acceleration was 16000rad/s2.
Proposed BrIC
The kinematic Brain Injury Criteria (BrIC) was recently developed by NHTSA (Takhounts
et al., 2011) to assess brain injury probability. It uses rotational velocity and acceleration as input
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criteria to assess injury risk. The development used all available test results using Hybrid III, ES2re and WorldSID dummies. Also, the equivalent of 114 animal brain experimental data was also
applied to the SIMon FE model by scaling the animal input and response data to a human model.
The scaling method used is based on head mass.
Three groups of data were collected: maximal rotational velocity, maximal rotational
acceleration from the test, and cumulative strain damage measure (CSDM) from the SIMon model
simulation. The risk curve for CSDM was constructed using survival analysis. BrIC is calculated
by the function as follows:
BrIC =

𝜔𝑚𝑎𝑥
𝜔𝑐𝑟

𝛼𝑚𝑎𝑥

+

(Eq. 2-2)

𝛼𝑐𝑟

In their later study, Takhounts stated that the rotational acceleration was excluded from the
BrIC equation based on the low correlation to local mechanical responses (Takhounts et al., 2013).
Additonally, they found the response was sensitive to rotation direction, so the equation was
modified to the following:
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(Eq. 2-3)

In the equations (2-2, 2-3), where ωcr, αcr, and 𝜔∗𝐶 are rational velocity and acceleration
evaluated critical (cr) values based on the data of the dummy, NCAP (New Car Assessment
Program), frontal offset tests and college football data which can cause brain injury. These critical
values corresponded to a 50% probability of AIS4+ injury evaluated by the SIMon model when
the brain tissue threshold (CSDM = 0.49, MPS = 0.89) were predifined.
Summary
TAI can result from angular as well as linear acceleration of the head (Gennarelli et al.,
1972; King, 2000; McLEAN, 1995; Zhang et al., 2001b) and the precise role of linear (Nishimoto
and Murakami, 1998) or angular acceleration (Margulies and Thibault, 1992; Smith et al., 2003;
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Zhang et al., 2004) during an impact event has been the subject of several investigations. There
are several difficulties in developing a comprehensive injury-predictor for TAI. First, there are no
direct measurements of biomechanical responses during an experiment. Second, because an animal
brain is so smaller than a human brain, a very high level of angular and translational acceleration
is needed to produce TAI. Third, due to geometrical difference in animals and humans, it is very
difficult to scale accurately. To predict brain injuries of various types and locations, we need to
relate the tissue mechanical response with the injury and compare the response where the injury
occurs. A combined animal experiment and FE modeling approach can provide the means to
correlate the model response with injury and develop tissue level injury thresholds.
2.10.2 TISSUE-LEVEL INJURY PARAMETER
DAI is caused by sudden loading in the form of linear and rotational acceleration leading
to widespread damage to the axonal components of the white matter. Many studies have been
conducted which used in vivo, in vitro and computational models to investigate the relationships
between the head motion and resulting axonal damage.
Because injury experiments are not allowed on humans, the injury criterion defined by
using FE models in human studies are all based on the reconstruction of real-world accidents or
sports injuries (Table 2-3; Table 2-4). Based on reconstructed cases, errors were induced during
data collection and simulation. Newman’s NFL study reported minimal errors in reconstruction,
with injuries largely limited to concussions, which may not cause structural damage to the axon
(Newman et al., 2005). Furthermore, the injury region of brain components was unclear based on
the clinic report. Thus, animal models were employed, and tissue responses were computed with
FE models.
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The newly developed injury criteria at tissue level utilized computational models and
experimental models (Table 2-5). The measurements of injury response included pressure (Deck
and Willinger, 2008; Dixon et al., 1987; Gennarelli et al., 1982), pressure rate (Bain et al., 2001;
Nicolle et al., 2004; Ommaya et al., 1967), von Mises stress (Deck and Willinger, 2008; Zhang et
al., 2004), maximal principal strain (Cernak, 2005; Lighthall, 1988; Margulies and Thibault, 1992;
McIntosh et al., 1987; Zhang et al., 2003), and shear stress. Additionally, some metrics based on
stress and strain were developed, such as the cumulative strain damage measure (CSDM). Other
methods have been developed based on the CSDM’s reversal to the macro level, such as Brain
injury criteria (BrIC) (Table 2-3, Table 2-4, Table 2-5) (Al-Bsharat et al., 1999; Bandak and
Eppinger, 1994; Ruan et al., 1994; Ruan et al., 1993; Takhounts et al., 2013; Zhang et al., 2004;
Zhou et al., 1994; Zhou et al., 1995).
In summary, several studies of in vivo and in vitro tests of brain injury have already
proposed to predict the threshold for functional damage of neural cells (Bain and Meaney, 2000;
Elkin and Morrison III, 2007; Geddes and Cargill, 2001; Morrison III et al., 2003; Wolf et al.,
2001). These studies showed that axonal injury relates to strain and strain rate. Most studies are in
vitro tests fully simplified in a cellular environment. Bain and Meaney’s study stretched the rat
optic nerve in vivo and suggested 0.18 strain at tissue level threshold. This test, however, only
studied the threshold for the optic nerve, which is a different structure from the white matter
regions in the brain (such as cc and brainstem). In that test, the nerve only experienced a single
axonal direction stretch, so it did not suffer loading as complex as the brain tissue when injury
occurs (both shear and stretch loading and pressure from linear acceleration).
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Table 2-3 Tissue level injury criteria for brain injury (Modified from Wright and Ramesh, 2012)
Examples of tissue level stress and strain injury criteria from the literature
Study
Injury type
Injury criterion
Stated tolerance Method
Yao et al. Severe and
von Mises stress
14.8 ±4.5 kPa
FE reconstruction of
(2008)
irreversible
vehicle and pedestrian
Shear
stress
7.9
±
1.6
kPa
TBI
accidents
Deck et
50%
von Mises stress
26 kPa
FE reconstruction of
al. (2008) Probability of von Mises strain
vehicle and pedestrian
0.25
mild DAI
accidents
First principal strain 0.31
50%
von Mises stress
33 kPa
Probability of von Mises strain
0.35
severe DAI
First principal strain 0.4
Kleiven
50%
First principal strain 0.21
FE reconstruction of
(2007)
Probability of (cc)
football collisions
mild DAI
First principal strain 0.26
(gray matter)
Zhang et 50%
Shear stress
7.8 kPa
FE reconstruction of
al. (2004) Probability of
football collisions
mild TBI
Kang et
Severe TBI
von Mises stress
11-16.5 kPa
FE reconstruction of
al. (1997)
motorcycle accident
Magulies Moderate to
Strain
0.05-0.1
Experimental study on
et al.
severe DAI
baboon, physical
(1992)
model, analytical
simulation
Table 2-4 Tissue level injury criteria summarized for mTBI (Post and Hoshizaki, 2012)
Listing of thresholds for mTBI from reconstructions using a combination of physical head
forms and FE modeling
Study
Dependent variable
mTBI Threshold
Location
value (50% chance)
Kleiven (2007)
Maximum Principal Strain 0.21
Corpus callosum
Maximum Principal Strain 0.26
Grey matter
Strain rate
48.5 s-1
Grey matter
Strain x strain rate
10.1 s-1
Grey matter
Strain energy density
2.1 kJ/m3
Grey matter
CSDM
0.1
White matter
von Mises
8.4 kPa
Corpus callosum
Intracranial pressure
65.8 kPa
Grey matter
Zhang et al. (2004)
Maximum Principal Strain 0.19
Grey matter
von Mises
7.8 kPa
Brainstem
Intracranial pressure
90.0 kPa
Grey matter
Willinger and
Global strain energy
5.5 J
CSF
Baumgartner (2003) von Mises
18 kPa
N/A
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Table 2-5 Tissue level injury criteria in vivo, in vitro or combined with FE model
Injury Type MPS
Strain Rate Model Type Institute
Bain and Meany
Axonal
0.18~0.21
In vitro
UP
2000
injury
Morrison et al
TBI
0.2
10~50/s
UP
2003
Hippocampus
Lowenhielm
Intra-cerebral 0.3~034
1974
hematoma
Lee and Haut
1989
Monson 2003
Singh 2009
Spine root
0.09
15 mm/s
Monkey FE WSU
axonal injury
model
Antona-Makoshi 50%
0.21
Japan
2012
Concussion
Logarithmic
Effective
Strain
Stress
Shreiber et al
Contusion
0.19
6-11 kPa
Sheep and
UP
1997
FE
Anderson 1999
DAI
8-16 kPa
Rat FE
model
Mao 2006
Contusion
0.3
WSU
Tract-oriented Strain Rate
strain
Sullivan 2014
TAI
0.06~0.07
38~40/s
Pig FE
UP
model
Hashmi 2012
0.047 (MPS
UP
0.399)
SMPS
Fijalkowski 2009 Mild DAI
0.04-4ms
Rat in situ
MCW
Hippocampus (duration)
and FE
and parietal
model
cortex
*MPS – Maximum principal strain
*SMPS- sustained maximum principal strain (Based on both MPS and its duration)
UP – University of Pennsylvania
WSU – Wayne State University
MCW – Medical College of Wisconsin
2.11

MATERIAL PROPERTY TESTS OF RAT BRAIN TISSUE
There have been a very limited number of material tests performed on rat brains, spinal

cords and/or meninges. These experiments can be categorized into three types of tests depending
on the loading modes: indentation, stretch (spinal cord), and stretch and compress (brain bulk).
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2.11.1 INDENTATION
Indentation tests were done by three groups: the University of Pennsylvania using the
macro indentation method, and Columbia University and the University of Cambridge using the
Atomic Force Microscope (AFM). Macro indentation techniques use a large indentor and
indentation depth compared to the AFM test. Studies found more deformation in the rat brain, up
to 1mm and strain of 20%, produced by macro indentation with an indentor radius of 2 mm (Figure
2-21) (Gefen et al., 2003). This macro indentation study was tested in situ and in vitro, and the piaarachnoid were kept intact. The loading speed was 1 mm/sec (quasi-static) so the test results
(1.2~3.3 kPa) would underestimate injury conditions which are usually dynamic.

Figure 2-21 Indentation test (Gefen et al. 2003)
The AFM tests conducted by Columbia University (Figure 2-22) (Elkin et al., 2007; Elkin
et al., 2010; Finan et al., 2012) measured local strain up to 30% in the indentation region; however,
the general tests were performed at the micro level and testing speeds were very small. Out of three
AFM tests conducted by Columbia University, two were indented to 3 µm (speed 11.55 and 24.9
µm/sec) while the remaining test used an indent depth up to 39.3 µm (speed 39.3 µm/70ms), far
from the simulation of a brain deformation level inducing TAI. In another AFM test conducted by
the University of Cambridge (Christ et al., 2010), the indentation depth was also at a low level (6
µm). This test was performed on sliced layers of cerebellum gray and white matter. The stiffness
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of the AFM test results ranged from 0.3~2.2 kPa which were softer than those from other test
methods.
Other than tissue deformation level, the accuracy of measurement is not clear. The atomic
level measurements are too sensitive to get a stable force when any fluid or micro structures come
into contact with the testing probe while the brain sample surface is moist and non-flat
(Weisenhorn et al., 1992).

D=25 um

Figure 2-22 AFM indention probe
2.11.2 STRETCH TEST
Stretch tests were conducted by a group from the University of Sydney (Figure 2-23)
(Clarke et al., 2009; Fiford and Bilston, 2005) on intact spinal cord of neonatal SD rats. They
stretched the spinal cord, sampling from C1 to L4. The loading rates were 0.002, 0.02 and 0.2 /s.
The loading magnitude was up to 5% strain and then held for relaxation. Their material stiffness
results (500~790 kPa) were much higher than the other brain material tests (indentation,
compression and brain bulk stretch). The higher stiffness is due to the higher stiffness of the spinal
cord. First, the spinal cord has highly aligned neural fibers, and there is evidence showing that the
highly aligned white matter structures such as the corpus callosum and brainstem can perform
stiffer when stretching along the fiber direction. Another important reason for increased stiffness
was that their tests kept the pia matter intact. Studies from Jin (Jin et al., 2007; Jin et al., 2011; Jin
et al., 2014) showed that the pia matter along the in-plane direction stretch is much stiffer than in
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traction or shear direction stretch. The in-plane direction stiffness of pia is many folds of magnitude
higher than brain tissue.

Figure 2-23 Stretch test of spinal cord
2.11.3 BULK STRETCHING AND COMPRESSION TEST
Bulk stretching and compression tests were done by a group from the Iran University of
Science and Technology (Figure 2-24) (Karimi and Navidbakhsh, 2014; Karimi et al., 2014). They
stretched a 10*10 mm (Diameter*Height) bulk of rat brain up to 30% strain with a loading rate of
1mm/min~2mm/min (quasi-static). Their results of brain material stiffness were also very high
(15~30 kPa). This may be because the entire bulk of brain tissue includes vascular tissue and falx
so the compression/stretching of the entire brain was stiffer than only the gray or white matter.
Longitudinal
Circumferential

Figure 2-24 Bulk stretch and compression test
In the current FE rat head model development, we chose the material properties three times
stiff as the basic brain material properties reported by Gefen et al (2003). Although Gefen’s test
was conducted at quasi-static speed, it is considered the most relevant to the current study in terms
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of deformation magnitudes and mechanical loading conditions as opposed to the AFM and other
tests. AFM tests are all on a micro level, which is incapable of simulating the large deformation
that would occur in axonal injury (0.1-0.5 strain).
2.12

BRAIN TISSUE AS TRANSVERSELY ISOTROPIC MATERIAL
The corpus callosum (cc) and brainstem are structurally composed of bundles of oriented

axonal fibers. Studies from diffusion tensor imaging (DTI), which detect the water flow in the
neural cells, also support the idea that these regions are highly organized and exhibit anisotropy
(Chepuri et al., 2002; Colgan et al., 2010; Pierpaoli and Basser, 1996; Wright and Ramesh, 2012).
The earliest study was done by (Shuck and Advani, 1972). The gray matter and corona
radiata were tested at a strain of 1.3% and strain rate of <0.26/s. They found that gray matter has
a small directional difference although white matter does not. However, this observation conflicts
with reports from other more recent studies.
The Margulies group from the University of Pennsylvania completed several directional
property tests on brain tissue. Their tests on the brainstem proved that with the increase in
deformation, the fiber enforcement effect was more significant on the brainstem than on other
brain tissue. At a small strain level (<7.5%), a complex component of the brainstem (sample cut
from brainstem) has 20~30% more stiffness in fiber-enforced direction than the other two
directions (Arbogast and Margulies, 1998). Later they calculated the fiber stiffness only in stretch
direction to compare it with surrounding matrix, and it showed that the fiber was three times stiffer
than the matrix (Arbogast and Margulies, 1999). This result agreed their previous results from
1998. Then in 2006, they tested the brainstem with a large deformation (up to 50%), and found
that the fiber-enforced directional stiffness was nearly as ten times as the matrix (Ning et al., 2006).
However, in Ning’s test used a 4-week old pig, not an adult pig which was used in the previous
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study. Due to the un-myelination and immaturity of neural cells, the magnitude of enforcement
may differ between young and adult pigs. The same group also reported tests of the cc and corona
radiata (CR) in 2000 and 2002. These studies tested adult, 4-week, and 5-day old pigs. Average
gray and white matter properties of adults and 4-week-old pigs had no significant difference.
Results showed gray matter was nearly isotropic, while the cc was nearly 2 times stiffer along the
fiber direction. Moreover, the CR was 1.4 times stiffer in the transverse direction than the fiber
direction (Prange et al., 2000; Prange and Margulies, 2002). Thus, overall stiffness of brain tissue
(based on more than five studies from the University of Pennsylvania) is in the order of brainstem >
gray matter > CR > cc.
The increase in stiffness with increasing test strain of white matter directional performance
may be due to the undulation of the axonal fibers embedded in the matrix. The fiber was first
stretched straight and then it became stiffer (Bain et al., 2003; Karami et al., 2009; Meaney, 2003).
The indentation results from the Group from Eindhoven University of Technology, showed
that the superior region was 22% stiffer than the anterior and posterior regions (Figure 2-25) (Van
Dommelen et al., 2010). Since the fiber orientation of the superior region is different from the
anterior and posterior regions, the white matter was highly anisotropic.

Figure 2-25 Indentation test regions by Van Dommelen et al. (2010) showed the anisotropic
properties
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Hrapko conducted shear tests including dynamic frequency shear and shear relaxation
which showed that the fiber anisotropy increased with the increasing strain (Hrapko et al., 2008).
This trend was also seen by the University of Pennsylvania group. Hrapko’s study also illustrated
that during the small strain test, the dynamic shear frequency affected the anisotropy performance
that the anisotropy decreased with the increase in test frequency. The anisotropy of corona radiata
was about 1.3 times stiffer at the coronal and transverse plane than the sagittal plane.
2.13

MATERIAL PROPERTIES OF BRAIN TISSUES IN FE HEAD MODELS
Among all the FE models developed and reported in the literature, various material

properties were used for each model based on various experimental studies. The material
properties used for existing human and animal FE models were summarized by Fijalkowski and
Wright as shown in Table 2-6 for brain material (Fijalkowski et al., 2009, Wright and Ramesh,
2012). The brain was assumed homogenous without differentiating white matter properties. Some
of the other FE models assigned inhomogeneous material properties for different structures of the
brain including white matter, gray matter, and the brainstem (Wright and Ramesh, 2012) (Table
2-7). From these two tables, it can be seen that brain properties have a very large range of shear
moduli depending on the studies. In general, data reported before year 2000 had stiffer properties
than data reported after. The brainstem was generally assumed to be the stiffest, followed by white
matter with gray matter being the softest.
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Table 2-6 Homogenous brain material properties in FE head models
References
Model
Short term
Decay
Long term
shear
constant β shear
modulus G0
(msec)
modulus G∞
(kPa)
(kPa)
DiMasi et al., 1991
Human
34.47
10
17-23
Ruan et al., 1994
Human
528
28.57
168
Zhou et al., 1995
Human
34
1.43
6.3
Kuijper et al., 1995
Human
338
20-0.1
169
Zhou et al., 1996
Human
41
1.43
6.3
Turquier et al., 1996
Human
528
28.57
168
Kang et al., 1997
Human
49
6.89
16.7
Nishimoto and Murakami, 1998 Human
528
35
168
Al-Bsharat et al., 1999
Human
33
2.0
6
Willinger et al., 1999
Human
528
28.57
168
Miller et al., 1999
Mini pig 43
1.43
8.0
Zhang et al., 2001
Human
10
12.5
2.0
Takhounts et al., 2003
Human
10.3
10
5
Zhang et al., 2004
Human
34
2.5
6.4
Kleiven 2007
Human
12.5
1
Watananbe et al., 2009
Human
12.5
80
2.5
Table 2-7 Material properties of gray and whiter matter in reported human FE
Reference Tissue
Density Bulk
Short
Decay
Long term
3
(kg/m ) modulus term shear constant shear
(GPa)
modulus
(ms)
modulus
(kPa)
(kPa)
Zhang et
al., 2004
Kimpara et
al., 2006
Yao et al.,
2008
EI Sayed et
al., 2008
Taylor and
Ford 2009

White matter
Gray matter
Brainstem
White matter
Gray matter
Brainstem
Cerebral
Cerebellum
brainstem
White matter
Gray matter
White matter
Gray matter

1040
1040
1040
1000
1000
1000
1060
1060
1060
1040
1040
1040
1040

2.19
2.19
2.19
2.16
2.19
2.19
2.19
2.19
2.19
2.19
2.19
2.37
2.37

41
34
58
12.5
10
23
12.5
10
22.5
16.4
13.6
41
34

25
25
25
12.5
12.5
12.5
1.43
1.43

7.8
6.4
7.8
6.1
5
4.5
2.5
2
4.5
6.8
8.2
7.8
6.4
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For rat head FE models published in previous literature (Table 2-8), the shear modulus
ranges from 1.113 to 20.684 kPa. Most studies used the material property based on the test
performed by Gefen (Gefen et al., 2003). Gefen’s shear modulus was 1.72 kPa, which was much
softer than most FE human brain models (which have a shear modulus typically between 10 to 40
kPa). The most recent developed and rigorously validated GHBMC head model uses a shear
modulus 6 kPa for brain material property making it about three times stiff as the material used in
Gefen’s study (Zhou et al., 2019). The baseline of rat brain material of the study was 1.72 GPa
originally and then multiplied three times up to 5.16 GPa. The reason for this is discussed in detail
in Chapter 3. All existing rat FE models give the isotropic material properties to both gray and
white matter while the white matter is anisotropic in structure as well as testing results (detailed in
section 2.12). In this study, the transversely-isotropic material for the corpus callosum and
brainstem were employed (Detailed in section 3.3.3).
Table 2-8 Rat FE model material properties summary
Reference
Short term shear modulus (gray matter) (kPa)
Shreiber, 1997
20.684
Gefen, 2003
1.72
Pena, 2005
16
Levchakov, 2006
1.72
Mao, 2006
1.72
Zhu, 2010 (based on Mao, 2006)
1.72
Fijalkowski, 2009
19
Lamy, 2011
10
Lamy, 2013 (refined mesh of Lamy, 2011) 10
Antona-Makoshi et al. 2014
1.113
Summary of Rat Brain Material Model and Properties
Our literature review has revealed that there is a general scientific consensus that gray
matter tissue does not show the directional difference (Hrapko et al., 2008; Prange et al., 2000;
Prange and Margulies, 2002; Van Dommelen et al., 2010). The CR showed only slight directional
dependent performance and is therefore considered an isotropic material. Highly organized fiber
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components (such as in the cc and brain stem) were found to be transversely isotropic (Hrapko et
al., 2008; Nicolle et al., 2004; Nicolle et al., 2005; Van Dommelen et al., 2010). Some studies have
included human head FE models which have incorporated anisotropic behavior into the white
matter (Cloots et al., 2011; Sahoo et al., 2014; Wright and Ramesh, 2012).
None of FE rat models simulated anisotropic properties of the white matter as reported by
the material properties test study (Detailed in Section 2.12). For the new rat head model developed
in this dissertation study, the material properties of the white matter were differentiated from gray
matter to properly simulate heterogeneity of the brain tissues. In addition, the transverselyisotropic material model and properties were defined and applied to simulate major white matter
tracks in the corpus callosum and brainstem. The development and determination of transverselyisotropic properties of the brain is reported in Chapter 3. In addition to defining transverselyisotropic materials for the white matter tracks, the current rat FE model included the following
features that enabled the model to utilize the quantified axonal counts in the relevant resolution for
injury correlation and localization. Firstly, the brain was meshed with 0.2 mm x 0.2 mm element
size which allows the FE results at element levels to directly compare to the axonal injury map
constructed at 0.2 mm x 0.2 mm resolution. Secondly, the rat model predicted brain cortical
displacement was validated against both peak magnitudes and temporal profiles of the brain
displacement data from the DCD test, making the current model the first and only one that is
capable of accurately predicting the timing of brain deformation / injury under complex dynamic
loading conditions. Thirdly, the head kinematics predicted by the rat FE model were validated
against the IA test thanks to the addition of the full body model developed for the current FE rat
model. This new and validated full body rat model enabled the simulation of the IA test to
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accurately predict biomechanical responses and correlate to the injury at the medullary-cervical
region quantified in experimental rats.
The new FE rat model developed in the current study can facilitate accurate prediction of
axonal injury and injury localization in a rodent impact model of a closed head injury.
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CHAPTER 3 FINITE ELEMENT RAT HEAD MODEL DEVELOPMENT AND
VALIDATION
3.1

INTRODUCTION
The brain is a complex and vulnerable structure in the human body. Although axonal injury

is a common feature of traumatic brain injury, the precise mechanism caused by mechanical
loading is still not well defined. The local tissue response causing injury is still unclear due to the
technical difficulty of measuring the biomechanical responses in vivo (Smith et al., 1999). Finite
element (FE) methods are numerical procedures that are applied to solve problems with more
complex geometry and loading conditions for which no closed-form solution exists. Typically, FE
solutions with a power series approximation algorithm can converge nearly as well as continuous
solutions. FE models of the human body have been developed and widely used in biomechanics
and in the biomedical research field over the last three decades. Recently, with the advancement
of computational power and MRI imaging tools, more anatomically detailed and high-resolution
FE head models have been developed and used to investigate brain injury responses as well as
develop tissue level injury criterion (Gentry, 1994). These models can calculate the parameters
that are difficult to obtain from in vivo experiments and can describe load-bearing relationships in
the local tissue in terms of stress-strain.
The goal of this dissertation research is to develop mechanical thresholds for white matter
injury at the tissue level by correlating the local biomechanical response with axonal pathology at
various impact severities. An anatomically and mechanically realistic FE model of the rat head can
serve as a tool to explore the internal mechanical responses of each brain structure for any given
mechanical insult. The current chapter reports the work conducted to achieve the objectives
outlined in Specific Aim 1: to develop and validate an atlas and an MRI data based high-resolution
3D FE model of the rat head for predicting in vivo brain injury of various serveries.
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3.2

FE MODEL DEVELOPMENT

3.2.1 GEOMETRY AND MESH CONSTRUCTION
The skull geometry of a 400 g male Sprague Dawley rat was obtained by a MicroCT at 25
μm resolution (at Henry Ford Bone and Joint Center). The brain geometry was taken from MRI
images (4.7 Tesla) at WSU’s MR Research Facility. The rat brain atlas was used as a reference to
assist in the construction of the geometry which could not be defined from the MRI (Paxinos and
Watson, 2007). The surface geometry of the skull and brain was then created by using Mimics, an
image processing software (Materialise, Leuven, Belgium). The FE meshes of the skull (cortical
and diploe bone) and brain were constructed using Hypermesh (Altair Engineering, Troy, MI),
Morpher (DEP, Troy, MI) and Hexmesher (DEP, Troy, MI).
3.2.2 FE RAT HEAD MODEL
The skull geometry from the MicroCT scan showed varied thickness from dorsal to ventral
and from rostral to caudal locations of the cranium (Figure 3-1). The thickness variation was
incorporated in the FE mesh in order to properly simulate skull deformation caused by the impact.
In addition, three layers of skull bone were created which differentiated diploe layer (cancellous
bone) from inner and outer tables (compact bones).
The brain (Figure 3-2) was meshed with a number of anatomical structures, including the
olfactory bulb, cc, hippocampus, cerebellum, ventricles, CSF, and brainstem. Several white matter
tracts of the brainstem including the pyramidal tracts (py), medial lemniscus (ml), and medial
lemniscus fasciculus (mlf), were further segregated by selecting the elements at the anatomical
locations with reference to the brain atlas (Figure 3-3) (Paxinos and Watson, 2007). A mesh size
of 200 microns was chosen not only to capture the representation of the geometrical, structural,
and material compositions of the heterogeneous brain but also to assure the convergence of the FE
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solution. To do so, a geometric scale factor of 10 was applied and an element resolution of 200
microns in the rat brain corresponded to the 2 mm resolution used for a human brain. The model
resolution had proven to be numerically stable and accurate in our previous work (Zhang et al.
2001). The facial bone and flesh were also meshed but with a simplified geometry (Figure 3-4).
The entire rat head model was constructed with over 843,000 elements at resolution of 0.11.6 mm per element. The total number of elements including the head and neck is over 843,505.
The head model weighs 42 g with the brain alone weighing 2.3 g (Table 3-1).
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A 3D volumetric rendering of the rat skull acquired from MicroCT scanner

CAD of rat skull geomtry

FE mesh
Figure 3-1 Skull FE model development based on MicroCT and real bone thickness variation
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Figure 3-2 Brain mesh and various anatomical structures

Figure 3-3 The corpus callosum and pyramid tract structures (From (Li et al., 2011b), Figure 3A)

Cervical spine cranial bone

mandible

facial bone

Figure 3-4 FE mesh of facial bone and facial flesh
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3.3

Table 3-1 Head model FE mesh summary
Anatomical Structures (head)
Element Element
Weight
No.
size (mm) (g)
Cranium
150,320 0.1~0.2
2.7
Brain (includes CSF and ventricle) 301,636 0.1~0.2
2.3
Facial structure (bony)
264,200 0.6
4.6
Flesh (scalp, facial flesh)
169,934 0.2~1.6
38
Total head
724,289 0.1~0.6
42
Total neck
119,216 0.2~1
22
Total head and neck
843,505
64
MATERIAL PROPERTIES

Volume
(mm3)
1,145
2,230
3,535
31,771

41,122

3.3.1 MATERIAL MODELS
Having developed the FE mesh, the material properties for each component were assigned
based on the experimental data published in the prior literature (see Chapter 2). In general, most
of the brain components of the FE models were defined as viscoelastic material with the values
taken from various material tests. These tests included a macro-indentation test by the group from
the University of Pennsylvania, an AFM test by the group from the University of Columbia, and a
stretch test by Karami et al. from Iran (see review in Section 2.11). The material properties defined
for the gray matter and subcortical white matter of the brain tissue were based on the data reported
by Gefen in 2003. For the white matter structures with highly organized axonal fibers (such as the
corpus callosum and brainstem), a transversely isotropic material model was defined with the
properties derived below. The meninges pia-arachnoid was defined as nonlinear viscoelastic,
isotropic material (Jin et al., 2014) (see Section 3.3.4).

Components

Table 3-2 Material property of Viscoelastic parts
Short-term
Long-term
Beta
Reference
shear modulus shear modulus (/ms)
(G0) (kPa)
(Gi) (kPa)
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Gray cortex
Hippocampus
Cerebellum
Pia-arachnoid

5.16
10.32
4.64
1379

1.54
3.08
1.38
153

0.05
0.05
0.05
0.04

Intervertebral
disc

1000

100

0.05

(Gefen et al., 2003;
Zhang et al., 2001a)
(Jin et al., 2007; Jin et al.,
2011; Jin et al., 2014)
(Kallemeyn et al., 2010;
Zhang et al., 2006)

3.3.2 SKULL MATERIAL PROPERTY
Based on data reported in the 1970’s (McElhaney et al., 1970; Wood, 1971), the human
skull is considered an elastic material with material properties. There are no previous studies on
rat cranial dura properties. The elastic property chosen for rat dura was 31.5 MPa, based on a study
on monkey dura (Galford and Mcelhane.Jh, 1970). This value was consistent with the dura
properties defined for the WSU head model and the GHBMC head model.
Table 3-3 Material properties of elastic parts
MAT_Elastic Elastic modulus (MPa) Poisson’s ratio Reference
Dura mater
31.5
0.45
(Mao et al., 2013)
Skull, diploe 600
0.3
(McElhaney et al., 1970; Motherway
et al., 2009; Wood, 1971)
Skull, table
15,000
0.3
Vertebral body 7000
0.3
(Kallemeyn et al., 2010)
3.3.3 CONSTITUTIVE MODEL OF TRANSVERSELY ISOTROPIC PROPERTIES
FOR WHITE MATTER
White matter is a highly organized structure of neuronal fibers. Some studies have reported
that white matter is generally anisotropic (Arbogast and Margulies, 1998; Hrapko et al., 2008;
Ning et al., 2006; Prange and Margulies, 2002; Van Dommelen et al., 2010). The corpus callosum
and brainstem are structurally composed of bundles of oriented axonal fibers. Studies from
diffusion tensor imaging (DTI), which detects the water flow in neural cells, also support the idea
that these highly organized regions exhibit anisotropy (Chepuri et al., 2002; Colgan et al., 2010;
Pierpaoli and Basser, 1996; Wright and Ramesh, 2012). In the current study, the white matter
structures of the cc and brainstem were defined as transversely isotropic materials.
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The MAT_SOFT_TISSUE (MAT_092) is a transversely isotropic hyper-elastic
constitutive model available in LS_DYNA (LSTC, Livermore, CA). This model can be used to
represent the fiber reinforced behavior of soft tissue (Puso and Weiss, 1998; Weiss et al., 1996).
The Mooney-Rivlin hyper-elastic model represents the isotropic matrix along with an added fiber
reinforced item. The viscoelastic behavior is incorporated by using the Prony series (see LSDYNA® KEYWORD USER'S MANUA).
The energy model of Mooney-Rivlin model with the fiber reinforcement term is described
by Equations 3-1 and 3-2:
1

𝑊 = 𝐶1 (𝐼̃1 − 3) + 𝐶2 (𝐼̃2 − 3) + 𝐹(𝜆) + 2 𝐾[𝑙𝑛( 𝐽)]2
0
𝜆<1
𝐶3
∗
𝜕𝐹
= { 𝜆 [𝑒𝑥𝑝( 𝐶4 (𝜆 − 1) − 1] 𝜆 < 𝜆 }
𝜕𝜆

1
𝜆

(𝐶5 𝜆 + 𝐶6 )

(Eq. 3-1)
(Eq. 3-2)

∗

𝜆≥𝜆

Where 𝐶1 (𝐼̃1 − 3) + 𝐶2 (𝐼̃2 − 3) represents the energy of isotropic hyperelastic
characteristic of the matrix, 𝐹(𝜆) represents the fiber reinforced energy, and

1
2

𝐾[𝑙𝑛( 𝐽)]2 is the

energy caused by volume change. The derivative of 𝐹(𝜆) by 𝜆 is defined to capture the behavior
of the crimped collagen (stress-strain curve). 𝜆∗ is the stretch point when the crimped fiber
becomes straight. When 𝜆 < 𝜆∗ , the C3 is the scale of exponential stresses and C4 is the factor of
collagen fiber uncrimping rate (Puso and Weiss, 1998). C5 represents the fiber reinforced stiffness,
C6 is the continue point at 𝜆 = 𝜆∗ .
To determine the constants, according to the LS_DYNA manual, 2(C1+C2) = Gi, Gi is the
shear modulus of linear elasticity (MAT_27). For simplified Neo-Hookean strain energy function
(Ning et al., 2006), the C2 could be considered as 0, so C1 is half of G0, C1 = 1.77e-7 GPa. The
exponential part stress-strain curve fiber reaction constants are optimized using the software
MATLAB (The MathWorks, Inc), resulting in values of C3 = 8e-11GPa and C4 = 46.
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Assuming fibers are two times stronger along the axial direction during stretching, C5 =
2C1. C6 is determined by LS_DYNA itself to ensure stress continuity at 𝜆 = 𝜆 ∗.
For these brain materials, the visco part, which represents the rate dependent property, also
should be defined for the material (MAT_92). The second Piola-Kirchoff stress is shown in
equation 3-3, and the relaxation function is shown in equation 3-4.
𝑡

𝜕𝑊

Second Piola-Kirchoff stress: 𝑆(𝐶, 𝑡) = 𝑆 𝑒 (𝐶) + ∫0 2𝐺(𝑡 − 𝑠) 𝜕𝐶(𝑠) 𝑑𝑠
𝑡

Relaxation Function: 𝐺(𝑡) = ∑6𝑖=1 𝑆𝑖 𝑒𝑥𝑝 (𝑇 )

(Eq 3-3)
(Eq 3-4)

𝑖

Prony series S1 to S6 and T1 to T6 are parameters to activate the viscosity property.
∑6𝑖=1 𝑆𝑖 should be close to but not exceed 1.
For simplification, just S1, S2 and T1, T2 need to be defined. We have pulled these values
(Table 3-4) directly from Ning's paper (Ning et al., 2006). S1 and T1 determine the energy in
relaxation curve before peak time; S2 and T2 determine the energy after peak time to the end of
relaxation curve.
Table 3-4 Material property of transversely-isotropic parts
MAT_So
ft_Tissue

Corpus
callosum
Stem
tracts
Stem

Hyperelastic
constants
C1
C2
(kPa) (kPa)
0.177 0

Fiber before
stretch λ*
C3
C4
(kPa) (no unit)
8e-5
46

Fiber
stiffness
C5 (kPa)

Bulk
modulus
K (GPa)
2

Shear relaxation
moduli
S1 (no S2 (no
unit)
unit)
0.8973 0.0741

Characterist
ic time
T1
T2
(ms) (ms)
80
8000

1.42

0.177

0

8e-5

46

1.42

2

0.8973

0.0741

80

8000

0.354

0

8e-5

46

1.42

2

0.8973

0.0741

80

8000

(Material parameters are based on the material property stress-strain curve of white matter. The
fiber reinforcement is 2 times as the matrix. λ* is the stretch constant; here its value is 1.02)

3.3.4 PIA-ARACHNOID AND BRAIN/SKULL INTERFACE
The pia-arachnoid complex (PAC) and dura make up the cranial meninges, which protect
the brain and form a framework for arteries, veins, CSF, and venous sinuses. Figure 3-5 shows the
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anatomy of the dura and pia-arachnoid complex. Externally, the dura is firmly connected to the
inner skull while internally the dura is weakly connected to the arachnoid by a layer of border cells
(Haines et al., 1993). The arachnoid is connected to the pia mater by numerus small structures
called trabeculae formed by fibroblasts. The pia is extremely thin and adheres to the brain surface,
following the contours. The space between the pia and arachnoid, called the subarachnoid space,
is filled with CSF. Together, the pia, arachnoid, and trabeculae are called the PAC which is a very
important structure for brain. During impact or inertial loading, the motion between the dura and
PAC may cause shear loading on the PAC. Therefore, the material properties of the PAC and the
interface connected to the dura is critical in FE simulations of the brain as well as simulations of
the interactions between the brain and the skull.

Figure 3-5 Pia arachnoid complex anatomy (http://bacmen.weebly.com/physiology.html)
A few studies have tested PAC behaviors (Jin et al., 2006; Jin et al., 2007; Jin et al., 2011;
Kimpara et al., 2006; Ozawa et al., 2004). Most of the experiments were performed in plane stretch.
Aimedieu et al 2004 tested bovine cranial pia-arachnoid matter without an elastic modulus
(Aimedieu and Grebe, 2004). Jin et al. estimated Aimedieu’s results and converted them into an
elastic modulus of about 1.19~9.43 MPa by using common measures of pia and arachnoid
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thickness (Jin et al., 2006). The study by Ozawa indirectly tested the rabbit spinal pia matter and
estimated an elastic modulus of around 2.3 MPa. Kimpara et al tested porcine spinal pia ligaments
at anterior, posterior and denticulate, and found the regional differences of pia matter ranging from
10.8~63.9 MPa (Kimpara et al., 2006). Jin et al summarized the PAC and pia thickness along with
the material properties from different studies (Jin et al., 2007) (Table 3-5). Subsequently, the
bovine pia-arachnoid complex structure was tested in three directions and the results were
summarized by Jin et al. in 2011. Based on his test protocol, the shear and traction mainly
examined the trabeculae stiffness while in-plane tension revealed the pia-arachnoid tissue strength
(Table 3-6). The results showed that pia-arachnoid complex stiffness varied by different loading
rates suggesting viscosity property.
Currently, all of the published FE models have defined the pia-arachnoid as an elastic
property and ignored rate dependency. Based on a preliminary FE rat model validation study, the
effect of the skull-brain interface and the PAC material may be an important factor affecting brain
displacement (Baumgartner and Willinger, 2004; Mao et al., 2006). In this study, three types of
material properties as well as three kinds of contact interfaces between the dura and PAC were
tested and validated against the DCD experimental data (see details in Section 3.4).

Table 3-5 Previous studies on pia-arachnoid tensile properties (Adopted from Jin et al., 2011)
Reference
Tissue/Region Species Main findings
Tunturi, 1978
Spinal pia
Canine Elastic response;
Maximum load of 41 gram (static);
Maximum stretch ratio: 1.03
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Ozawa et al.,
2004
Aimedieu and
Grebe, 2004
Kimpara et al,
2006

Spinal pia
Cranial PAC

Leporid Thickness: 12 µm
Elastic modulus: 2.4Mpa (static)
Bovine Tensile stiffness: 0.19 N/mm (quasi-static)

Spinal pia

Porcine

Jin et al., 2006

Cranial PAC

Bovine

Thickness: 0.13-0.27 mm
Elastic modulus, ultimate stress, ultimate
strain at different strain rates (0.005, 0.05,
0.5 s-1)
Regional difference of the mechanical
properties was found
Thickness: 23.6±5.8 µm
Elastic modulus, ultimate stress, ultimate
strain at different strain rates (0.05, 0.5, 5,
100 s-1)
Transversely isotropic

Table 3-6 Summary of pia-arachnoid properties
Comparison of testing results under all three loading modes.
Shear
Traction
In-plane tension
Modulus
11-22 kPa 61-148 kPa 6-40 MPa
Ultimate stress
9-22 kPa
21-126 kPa 1-4 MPa
Ultimate strain
1.5-1.8
0.35-0.93
0.21-0.35
3.4

DYNAMIC CORTICAL DEFORMATION (DCD) TEST VALIDATION

3.4.1 DCD TEST
Although there are many in vivo DAI models, the only rat model that can predict brain
injury with measurable tissue deformation is the Dynamic Cortical Deformation (DCD)
experiment (Shreiber et al., 1997). Shreiber used a DCD to study the in vivo relationship among
applied pressure, cortical displacement, and breakdown of the blood-brain barrier and contusion
in the rat. DCD produces local lesions by exposing the cortex to a dynamic vacuum pulse of
varying duration. Briefly, anesthetized adult male Sprague-Dawley rats (300-400) were placed in
a stereotaxic head holder. A 5-mm craniectomy was performed over the left parietal cortex and the
dura was removed at the opening under a microscope. A Leur-lock fitting was attached over the
craniotomy with acyanoacrylate adhesive and dental cement. Negative pressure was applied to the
brain through an aluminum couple via the Leur-lock fitting and the signal was measured by a
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pressure transducer. The displacement of the exposed cortex was measured by a laser displacement
transducer emitting a low intensity infrared laser beam which was incident on the cortical surface.

Figure 3-6 An example of measured pressure (solid line) applied to the cortex surface and
measured resulting cortical displacement traces (dashed line)
3.4.2 VALIDATION PROCEDURE
There were nine experiments with seven rats in each group (n = 7). Various loading
conditions used in the experiments (magnitude and duration of the vacuum pulse) (Table 3-7) were
simulated by the model and validated against measured brain displacement data. To simulate the
DCD experiment, a number of elements representing the dura mater under the craniectomy were
removed and the individual, experimentally-measured pressure pulses were used as input applied
to the exposed face of the brain model with attached pia mater (Figure 3-7). The experimental
displacement was measured by a laser beam with 1 mm diameter. Thus, the nodal displacements
predicted at the center of the craniectomy within about 50 elements were averaged and compared
to the peak mean and standard deviation (sd) cortical displacement measured experimentally for
each loading condition.
Table 3-7 DCD experiment condition for model validation
Duration

Pressure (psi)
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(ms)
25
50
100

2
X
X
X

3
X
X
X

4
X
X
X

Experiement Input Pressure History
0
-0.5 0

20

40

60

Pressure (PSI)

-1
-1.5
-2
-2.5
-3
-3.5
-4
-4.5

Time (ms)

80

100

25ms-2psi
25ms-3psi
25ms-4psi
50ms-2psi
50ms-3psi
50ms-4psi
100ms-2psi
100ms-3psi
100ms-4psi

Figure 3-7 Experimentally measured pressure curves as input to the FE model
3.4.3 EFFECT OF THE PIA-ARACHNOID MATERIAL MODELS AND BRAIN
SKULL INTERFACE
The skull-brain interface and the material included within the interface play an important
role and can affect the brain displacement (Baumgartner and Willinger, 2004; Mao et al., 2006)
Previous FE rat models (Lamy et al., 2013; Mao et al., 2006) only validated the peak value of the
displacement. Note that the displacement (dashed line Figure 3-6) lagged slightly behind the
vacuum pressure and exhibited residual deformation. It is necessary to validate the model more
thoroughly by comparing the predicted temporal response of the cortical displacement to ensure
that the model can duplicate the viscous response.
Since the material property of the pia-arachnoid composite is much stronger than that of
brain tissue, it is likely that the deformation pattern would be dependent on the material model and
behavior chosen for the pia-arachnoid. Furthermore, the interface between the skull and brain
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would be expected to affect the results of displacement as the brain tissue moves against the skull
due to suction force. Three types of interfaces and three types of material models were investigated
and used to validate the displacement (Table 3-8).
Table 3-8 The simulation matrix: contact interfaces and pia-arachnoid properties
Skull-brain interface
Pia-arachnoid properties
Sliding w/o friction (S)
Elastic
Sliding tiedbreak (normal failure) (ST)
Elasto-plastic
Tiedbreak (normal and shear failure) (T) Viscoelastic (termed “Visco” in results later)

3.4.4 CORA DESCRIPTION
The DCD displacement curves of the FE model were then evaluated using the rating
software CORAplus V4.0.4 (Developed by PDB, Partnership for Dummy Technology and
Biomechanics, Germany). The software CORA (CORelation and Analysis) was used to compare
the response curve of simulations with the experimental tests. The CORA score ranges from 0
(poor) to 1 (perfect) to represent the quality of the match between two curves. There are two ways
to evaluate the correlation: corridor rating and cross-correlation rating. The cross-correlation rating
is calculated by three factors: shape, phase, and size of the curve as described in the chart depicted
in Figure 3-8.
ISO standard 18571 provides validation metrics and rating procedures to be used to
calculate the level of correlation. The weighting factors used for CORA analysis are described in
Table 3-9. The cross-correlation factor has a value of 0.6 which is divided equally among its subfactors. A value of 0.4 is assigned for the corridor rating factor.

68

Figure 3-8: CORA rating method (images from CORAplus Release 4.0.4 User's Manual)
Table 3-9: Weighting factors for CORA analysis based on ISO18571
Cross correlation Method
Weighted
Corridor
Rating
Cross correlation
Phase
Method
Size
function (Shape)
shift
Weighing factors 0.4
0.2
0.2
0.2
0.4*S1+0.2*S2+
Rating
S1
S2
S3
S4
0.2*S3+0.2*S4
Partial Rating
0.4*S1
0.2*S2
0.2*S3
0.2*S4

3.4.5 VALIDATION RESULTS
The FE model simulated of the DCD experiments and predicted deformation of the brain
tissue at the opening due to applied vacuum pressure (Figure 3-9). The model’s best results were
from the cases where the pia-arachnoid was defined as a viscoelastic material (MAT_6, LS-DYNA)
and the interface between the dura and skull was defined as a sliding tiebreak contact (ST)
(AUTO_SURFACE_TO_SURFACE_TIEBREAK, LS-DYNA).
The model with the S interface between the skull and brain resulted in a gap between the
brain and skull (Figure 3-9) when the brain surface was suctioned out. This gap suggested possible
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damage at the brain/skull interface though no damage was observed in the experiment. In addition,
the temporal profile of the displacement predicted by the S interface model did not match the
experimental curves for various cases (Figure 3-10). The model with the T interface, on the other
hand, resulted in much less displacement than that of the ST interface. Although the average
displacement histories form the T interface model with viscoelastic material fell within the average
experimental corridor, the model defined with the ST interface, along with the viscoelastic material,
aligned more closely to the displacements of the majority of the experimental curves in terms of
temporal profiles and peak values (Figure 3-11). As shown in Figure 3-10, The displacement-time
histories from the model defined with elastic or elasto-plastic meningeal layers had a faster
increase following the application of the negative pressure and a faster decrease at the end of the
unloading. Subsequently, the model responses fell out of the experimental corridor at the beginning
and end of the loading phases. The CORA score for the model defined with viscoelastic meningeal
and ST interface was calculated for all nine cases with an average score of 0.74 (Table 3-10).

Figure 3-9 Deformation of S (left) and ST (right) contact. The circled regions show the gap
between the arachnoid and dura/skull.
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Figure 3-10 Displacement curves of different cases against experimental results
DCD Validaion

Cortical Displacement (mm)

3

2.5
2
1.5
1
0.5
0
2psi 3psi 4psi

25ms

2psi 3psi 4psi

50ms

2psi 3psi 4psi

100ms

Figure 3-11 Brain deformation predicted by the FE rat model with three different interfaces
between skull and brain

Displacement (mm)
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Time (ms)
Figure 3-12 FE model predicted displacements fall within the experimental data averagesd

Cases
Duration (ms)
25

50

100

Table 3-10 CORA score of DCD validation
Corridor
Cross-Correlation
Pressure (psi)
Phase Magnitude Slope
2
0.8
0.2
0.8
0.6
3
0.6
1.0
0.8
0.7
4
0.8
0.9
0.9
0.7
2
0.9
1.0
0.9
0.8
3
0.6
0.9
0.8
0.7
4
0.8
0.2
0.9
0.8
2
0.5
0.6
0.7
0.7
3
0.7
0.9
0.7
0.7
4
0.7
1.0
0.7
0.7

Weighted
Score
0.66
0.75
0.84
0.92
0.74
0.69
0.58
0.71
0.77

3.4.6 DISCUSSION
Previous FE rat head models (Lamy et al., 2013; Mao et al., 2006) only validated brain
response in terms of the peak brain cortical displacement against the experimental DCD results.
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The current FE rat head model is the first FE model that has been validated against the peak cortical
displacement values and the temporal responses of the cortical displacement. This validation can
ensure the accurate prediction of the timing of the peak deformation and the resulting injury caused
by the brain deformation.
The validation of 25ms at 3psi, 100ms at 2 psi, and 100ms at 3psi cases over-predicted the
result when compared with the experimental data. Although it was not reported in the study
(Shreiber et al., 1997), it is speculated that the air leaking into the vacuum area would result in
less brain deformation in the animal test, particularly under longer duration loading conditions
(100 ms). This reduction could be significant. In one unique case, 100 ms at 4psi, the model underpredicted results as compared to the experiment. It was speculated that this was due to higher
pressures preventing the rapid flow of air.
The characteristics of the skull-brain interface was reported to be a significant factor
affecting brain displacement (Baumgartner and Willinger, 2004; Mao et al., 2006). To properly
model this interface, three contact interface types available in the FE solver were investigated and
the model results showed that the cortex surface displacement profile was influenced by the type
of interface. The T interface resulted in much less displacement as compared to the ST interface
since the tied contact does not permit tangential motion occurring between the two surfaces. The
S interface, on the other hand, induced a gap between the brain and skull in the subdural space.
This suggests that the brain tissue deformed in shape as a whole since brain tissue is composed of
very soft material with shear modulus at the order of a few kilopascal. The prediction of a gap
could result in unrealistic deformation in the brain tissue.
Our brain properties were based on macro indentation test results by Gefen (Gefen et al.,
2003) at a quasi-static loading rate (1mm/s). One can argue that brain tissue would be stiffer in
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dynamic loading conditions, such as those seen from Marmarou’s impact acceleration injury model.
However, we found that by using stiffer material properties, the resulting peak displacement did
not vary significantly in DCD validation (data not shown). Instead, we found that the pia-arachnoid
material property had a more profound effect on the resulting brain deformation both in terms of
temporal and spatial responses in DCD validation studies. The brain property used three times the
stiffness of the original (G0 = 5.16 kPa), which is comparable with a human FE model (6kPa).
The material type defined for pia-arachnoid also played an important role as far as how the
membrane withstood the external force and the time-dependent response. The experimental study
suggested that the tensile and traction properties of the pia-arachnoid in tension and traction can
be modeled from elastic, elasto-plastic, or viscoelastic material. In the DCD validation study, the
results from the pia-arachnoid defined with three different material models showed that the viscoelastic material exhibited a delayed cortical surface deformation profile during the loading and
unloading phases which matched with the experimentally measured profile. In contrast, due to a
lack of viscous properties, the displacement curve from the elastic and elasto-plastic pia-arachnoid
increased and decreased more quickly and fell out of the experimental corridor. Furthermore, the
rate-dependent viscoelastic model was able to match all the cortical deformation profiles for nine
cases with a variety of loading rates. This is because the rate-dependent response can only be
simulated by the viscoelastic pia-arachnoid membrane. By defining pia-arachnoid as a viscoelastic
material model along with ST interface for the brain-skull interface, the current rat head model
was validated against DCD experimental results and demonstrated adequate biofidelity to the
computer model.
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3.5

BRAIN SKULL RELATIVE MOTION TEST VALIDATION

3.5.1 BRAIN SKULL RELATIVE MOTION TEST
Most published rat FE brain models were only validated against the DCD experiment.
However, DCD validation results were mainly dominated by the pia-arachnoid properties and the
brain-skull interface with limited contribution from the deeper brain tissue material properties. A
FE rat head model reported recently by Antona-Makoshi was validated against brain-skull relative
displacement from a sagittal rotation experiment (Antona-Makoshi et al., 2014; Davidsson and
Risling, 2011). Antona-Makoshi’s experiment modified the sagittal rotational acceleration
reported by Davidsson (Davidsson and Risling, 2011) to produce a brain tissue scratch in the deep
cortex region. This scratch length could be used for FE model validation. As a result, AntonaMakoshi’s study was also employed to validate the FE rat brain model of this study.
The experimental setup was based on Davidsson et al (2011) sagittal rotation experiment.
A rat was placed prone on a flat plane and exposed to a backward rotational
acceleration/deceleration (Davidsson and Risling, 2011) (Figure 3-13 A). In Antona-Makoshi’s
test, a 0.6 mm diameter hole was drilled through the rat skull at 3.5 mm posterior and 2.2 mm
laterally to the right side of the Bregma. The skull cap was redesigned with a 0.5 mm diameter
mounted steel pin. Then the pin was inserted into the brain through the skull hole. The cap and
skull were fixed with glue (Super-Bond Cand B; Sun Medical Co., Shiga, Japan). After loading, a
scar was produced by the pin in the cortex due to the brain movement with respect to the skull
(brain-skull relative displacement). The scar length in the brain at a depth of 0.5, 1, 1.5, and 2 mm
sections from the cortex surface were measured after the test using a 40x lens microscope.

75

3.5.2 VALIDATION PROCEDURE
The FE rat head model together with a finely meshed pin object (same size as the test) were
used to validate the brain-skull relative displacement (Figure 3-14). A 2.5 ms head rotational
acceleration curve from the experiment (Antona-Makoshi et al., 2014) and simulation was
extended to 5 ms after loading was stopped in order to capture lagged brain motion. (Figure 3-15).
The contact between the brain tissue and pin was defined as node-to-surface contact type
(*CONTACT_AUTOMATIC_NODES_TO_SURFACE).
A

B

C

Figure 3-13 experimental set for scar injury in sagittal plane (Antona-Makoshi et al., 2014)
pin

Figure 3-14 brain mesh with pin
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Figure 3-15 Rotational acceleration loading curves. Left: experimental average rotational
acceleration (Antona-Makoshi et al., 2014); Right: FE model loading curve.
3.5.3 RESULTS
The model-predicted brain displacement relative to the skull at four levels beneath the brain
surface was analyzed. The model results matched the experimental data (Table 3-11). The FE
model brain displacement also followed the trends dictated by the experimental data. The
displacement slightly increased at 1 mm compared to 0.5 mm beneath the brain surface, then it
countinuallly decreased when approaching the brain center.
Table 3-11 Brain-skull relative displacement in the brain: experimental and FE model results
Scar length (mm) at various depths below the brain surface
Distance to cortex surface 0.5 mm below 1 mm below 1.5 mm below 2 mm below
Experiment (mean ±sd)
1.2 ±0.12
1.2 ±0.15
1.0 ±0.12
0.6 ±0.06
FE model
1.2
1.45
1.13
0.64
3.5.4 DISCUSSION
The FE rat model was further validated against the measured brain displacement at 0.5, 1,
1.5, and 2 mm depth below the cortical surface from an offset head impact experiment reported by
Antona-Makoshi et al., 2014. The brain excursion predicted by the current rat head model closely
matched the experimental data. For the temporal profile of the brain excursion, the model predicted
peak displacement at 1.3 ms in one direction followed by the second peak at 4.3 ms in the opposite
direction as the head decelerated to a full stop. Recently, Antona-Makoshi et al. reported their rat
head model validation results based on the same set of experiments (Antona-Makoshi et al., 2014;
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Antona-Makoshi et al., 2015). Their results showed that the brain reached maximum displacement
at 0.5 ms and later at 2 ms in opposite direction (Figure 3-16). The brain displaced faster in their
rat brain FE model suggesting less viscous properties defined for the brain tissue. This is confirmed
by the decay constant used in Antona-Makoshi’s rat FE model which was about 5/s as compared
to the 50/s used for the current model.
The mesh size of Antona-Makoshi’s rat brain was 0.35 mm, while our current rat FE model
utilized a mesh of 0.2mm. When the pin diameter was 0.5 mm, Antona-Makoshi’s rat brain had
only one node in contact with the pin during simulation but there were two nodes in the current
FE model. That means the rat brain in this study could experience more resistance than AntonaMakoshi’s rat and that the current brain motion was also delayed by the pin resistance.
Antona-Makoshi’s rat model also included neck mesh to simulate brain stem injury caused
by the bending of the neck. This model was validated using brain material in the deep cortex;
however, it was not validated against a DCD experiment. Since DCD experiments provide the
validity for pia-arachnoid material and skull-brain contact, Antona-Makoshi’s model lacks the
accuracy needed to calculate the boundary effect from the brain-skull interface and pia-arachnoid
membrane.
The hypothesis of brain-skull relative motion was that the soft brain tissue would be
scratched by the pin due to the brain lag to the skull motion under rotational loading. One limitation
of this study was that the resistance from the meninges (pia-arachnoid) on the brain surface was
not considered. Researchers can not accurately mimic the resistance from the meninges effect
when the brain is displaced against the skull, so the accurate pia-arachnoid material could only be
validated against a DCD experiment.

78

The validation study revealed that explicitly modeling the pin inserted in the brain (as used
in the experiment) was an essential element to map the brain motion accurately. Without
incorporating the FE mesh of the pin, the predicted brain displacement was approximately twice
the experimental value. With the inclusion of an FE pin of the proper size and geometry, and, most
importantly, an interface with a properly defined coefficient of the friction between the pin and
the surrounding brain tissue (Figure 3-14), the rat model predicted displacement at all four depths
that closely matched experimental results.
In the experiment, only the brain displacement relative to the skull was reported. The scar
length on the rostral and caudal side of the pin’s position of insertion was lacking. The FE model
results showed that the relative displacement was more at the caudal side than the rostral side of
the pin without a damping effect. By adding the damping mass with a factor of 0.1, the negative
side displacement was slightly reduced and returned to its initial position sooner (Figure 3-16).
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Figure 3-16 FE model scar displacement history
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3.6

CONCLUSIONS
In summary, an anatomically inspired rat head FE model has been developed based on the

detailed cranial geometry from medical images and the rat atlas. The model features dura, CSF,
pia-arachnoid, corpus callosum, cortex, ventricles, hippocampus, brainstem (with pyramidal tracts,
medial lemniscus, medial longitudinal fasciculus), cerebellum, facial bone/muscle, three-layered
skull, and a simplified neck. The model-predicted brain deformation has been validated against
DCD experimental results on peak magnitude and temporal changes for a total of nine loading
conditions (pressure and time variations), as well as the brain-skull relative motion for deeper brain
material properties. To the best of our knowledge, this is the first rat head model that has been
validated against all experimentally measured responses. In addition, compared to the rat head
model developed by other groups and previous WSU rat model, the current rat head model has
made several improvements: 1) the white matter structures (cc and brainstem) are defined as a
transversely isotropic material to better present the directionality of the axonal fibers; 2) the piaarachnoid is defined as a viscoelastic material to mimic the viscous effect and conform to the
published data; and 3) the interface between the skull and brain is defined as a tie-break to allow
sliding yet with constraint to better simulate a loosely coupled brain/skull interface in an in-vivo
condition; 4) the model was able to accurately predict the deeper brain tissue deformation under
acute rotational loading in the sagittal plane in addition of further validation against a brain-skull
relative motion experiment.
A simplified neck and body were developed to provide a more accurate boundary condition.
For the purpose of validating the neck boundary condition, the rat head kinematics validation was
conducted and is described in the next chapter.
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The significant accomplishment of this specific aim is the birth of a sophisticated, validated
and biomechanically sound computer model of a rat head that is capable of quantifying the
biomechanical variables responsible for the severity and extent of axonal and neuronal injury at
tissue and cellular levels following traumatic injury to be tested in Specific Aims 2 and 3.
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CHAPTER 4 FE FULL BODY RAT MODEL VALIDATION AND INVESTIGATION OF
THE BIOMECHANICAL VARIABILITIES OF In Vivo HEAD IMPACT
ACCELERATION MODEL
4.1

INTRODUCTION
Marmarou’s IA model with varying weights and heights could reliably produce several

grades of brain injury and extensive axonal changes in a closed head injury in rodents without
contusion or other focal brain injuries. Many aspects of TBI have been studied through FE methods
in conjunction with Maramou’s IA model such as cellular and molecular response, attenuation of
impaired axoplasmic transport (IAT) and neurofilament compaction (NFC), motor and cognitive
deficits, oxidative stress and mitochondrial disfunction, diagnosis methods, and post-injury
treatment plans (Adelson et al., 1997; Adelson et al., 2001; Fei et al., 2006; Heath and Vink, 1999;
Kallakuri et al., 2007; Macdonald et al., 2005; Marmarou and Povlishock, 2006; Rafols et al., 2007;
Schmidt et al., 2000; Sengul et al., 2008; Stone et al., 2004; Vagnozzi et al., 2007). However, none
of these studies have investigated the mechanical responses in relation to the injury and its severity
(Gilchrist, 2004; Shafieian et al., 2009; Wang and Ma, 2010).
The impact energy calculated from the known mass and impact velocity of the weight for
a given height is commonly used as a mechanical measure to imply injury severities. However,
the actual velocity of the weight prior to impacting on the rat skull/helmet can be affected by the
drag force and frictional force between the weight and the plexiglass tube the weight is falling
through (Carre et al., 2004, Ucar et al., 2006). Additionally, the stability of the drop tower and the
alignment of the tube with respect to the ground surface can induce variability in drop velocity
from test to test. The variation of a 450-g weight dropped from a height of 2m can vary as much
as 40% (Piper et al., 1996). Biomechanically, the head kinematics in response to the impact force
affects the internal brain responses, thereby affecting the severity and pathology of the brain injury.
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Recently a group of researchers at Wayne State University (WSU) have developed an
improved rodent head impact device designed to monitor velocity, displacement into the foam,
head linear acceleration and head angular velocity through attached miniature sensors and highspeed video analysis during impact injury of various severities (Zhang et al., 2012, Li et al., 2011,
2012). These measurements are essential for validating model responses from each impact and
enabling the precise simulation of the underlying brain response.
From the high-speed video captured during head impact acceleration rat experiments, it
was observed that the falling weight impacts the helmeted head, driving the head and compressing
the underlying foam to a considerable degree. As a result, the neck was stretched drastically due
to mismatched movement of the head and torso /body in the first 5 ms after impact. In order to
faithfully simulate the head kinematics and provide an essential boundary effect to the head-neck
during impact, a full body rat FE model was developed and integrated with the head/neck model
reported in Chapter 3.
Specific Aim 2 was to simulate modified Marmarou’s in vivo rat head impact acceleration (IA)
tests and predict the biomechanical responses in the brain of the FE rat model. Before proceeding
to the simulations in Aim 2, several relevant FE analyses on the full body rat model were studied
and then reported on in this Chapter.
First, a full body rat model was developed and integrated with the rat head model. Second,
a series of FE simulations were conducted to validate the full body rat FE model and ensure that
the FE model was valid and could be used to simulate in vivo rat head impact acceleration injury
experiments in Specific Aim 2 (to be reported in section 4.6). The developed FE model was applied
to simulate experiments with the help of head kinematics data measured during in vivo rat head
impact tests using the improved Marmarou’s IA model. Third, four parametrical studies were
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conducted in order to fully understand the rat head/brain responses that were influenced by the
various biomechanical factors in the IA model which might contribute to the various resulting
injury outcomes.
•

Parametric study 1: A simulation comparing brain responses from the isolated rat

head model to brain responses from the rat head and body model in order to better understand
the role of boundary conditions offered by the full body model
•

Parametric study 2: An investigation to determine whether the accuracy of the head

model kinematics could be altered by sensor location
•

Parametric study 3: An investigation of the effects of helmet angle and skull

stiffness on head kinematics and internal brain response
•

Parametric study 4: An investigation of the effect of the prescribed motion method

on internal brain response compared to direct impact methods
4.2

MODIFIED MARMAROU’S IMPACT ACCELERATION MODEL

Improved Drop Tower and Impactor Design:
In Marmarou’s original model, the impactor consisted of a series of 50 g brass cylindrical
segments with a diameter of 18 mm (Figure 4-1 D-5). The impactor was held by a string at center
height and then released through a 20 mm diameter plexiglass tube (Figure 4-1 A). Our modified
impactor consisted of an aluminum cylinder of similar diameter with a brass end (Figure 4-1 E, F),
inside of which the accelerometer was mounted (Figure 4-1 B). A release device was used to
trigger both the impactor sensor and head kinematics sensors (Figure 4-1 G-13,14) in order to
record at the exact time the impactor began to drop (Figure 4-1 C).
Controlling Other Parameters:

84

The supporting foam stiffness was pre-determined and tracked periodically (Piper et al.,
1996). Additionally, the foam was changed after 10 impact tests as suggested by a previous study
(Zhang et al., 2011). The impactor helmet interface was monitored pre-test by a laser beam and
high-speed video at the first contact to ensure that the interface was parallel. The angle between
impact and helmet face could cause uneven distribution of impact energy, which would
dramatically change the rat head kinematics and thus lead to large variations. This phenomenon
was reported in section 4.9.
In Vivo Impact and Head Response Measurement:
Impact velocity was monitored by high speed video at 50 fps and impact force was
measured by an accelerometer inside the impactor. The rat head kinematics during the tests were
measured by a miniature-sensor system, which had a modified accelerometer and an angular rate
sensor, designed and attached to the rat skull. The observed head kinematics could be further used
to correlate with injury data and FE analysis.
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Figure 4-1 Modified Marmarou’s IA model (Li et al., 2011b)
4.3

IN VIVO HEAD KINEMATICS FROM MODIFIED IA TEST
The modified Marmarou’s rat IA injury was induced on a total of 31 rats (2.25m, n=16;

1.25m, n=15). The study has been described in detail by Li et al. 2011. Briefly, all rats were
administered Buprenex (0.3 mg/kg) subcutaneously 20 minutes prior to impact. Fifteen minutes
prior to impact, the rats were anesthetized with a mixture of isoflurane (3%) and oxygen (0.6
L/Min). The rat skull was exposed by middle incision. A titanium helmet (diameter = 10 mm,
height = 3mm, weight = 2.8g) was attached to the rat skull between the bregma-lambda point by
cyanoacrylate (Elmer’s Products, Columbus, OH). Then the rat was placed on flat foam (Figure
4-3). A brass impactor weight of 450 g was dropped from two heights (2.25m and 1.25m) to
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produce severe or minimal TAI without skull fracture (Figure 4-5). The impactor velocities before
hitting the helmet were approximately 6.15 m/s and 4.54 m/s, respectively. To measure head
kinematics, an accelerometer and an angular rate sensor were glued together on the exposed skull
approximately 5 mm anterior to the helmet using cyanoacrylate. A high-speed camera was used to
record the impact event and track the impactor velocity. All animal surgical procedures were
approved by Wayne State University Animal Care and Use Committee.
4.4

DEVELOPING THE FE RAT FULL BODY MODEL
To provide a realistic boundary condition to the head during head impact acceleration

injury, a neck and full body model was developed (Figure 4-2). The rat body was scanned using
MRI (4.7 Tesla), and the outer surface of the body and the spine vertebrae were segmented using
MIMICS. The joint between the vertebrae and body geometry was simplified to an oval-shaped,
cylindrical column with a cross-sectional area comparable to the actual size. The spinal column
consisted of vertebral bodies (bony elastic material) and connected with intervertebral discs (soft
elastic material). The length of the joint elements was the same as the joint space between vertebral
bodies. Additionally, the spinal cord was extended from the brainstem and the spinal cord and
spinal CSF were meshed with hexahedral elements. The spinal dura and spinal pia-arachnoid were
also included and meshed with shell elements. The mesh of the rest of body was created using
tetrahedral elements that represented mixed soft tissue including flesh, muscle and fur (Table 4-1).
Each part was assigned different material properties (Table 4-2, Table 4-3).

Figure 4-2 FE rat full body model
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Anatomical
Structures (body)
Spine
Body
Total

Table 4-1 FE model general information
Element
Element size
Weight
No.
(mm)
(g)
82,000
0.2
4.9
160,000
0.5~3
342
242,000
346.9

Volume
(mm3)
4,388
342,000
346,388

Table 4-2 Body of FE model material (Elastic)
MAT_ELASTIC
Elastic modulus (MPa) Poisson’s ratio
Vertebral body
2000
0.1
Vertebral joint (cervical region)
0.1
0.1
Vertebral joint (Thorax region)
0.2
0.3
Vertebral joint (abdomen region) 0.2
0.1
Body skin
10
0.45
Table 4-3 Body of FE model material (Visco-elastic)
Mat_Viscoelastic
Bulk
Short term
Long term
modulus (k) Shear modulus shear modulus
(GPa)
(G0) (kPa)
(Gi) (kPa)
Body fresh (cervical)
0.007
1e-3
5e-4
Body fresh (thorax front) 0.007
1e-3
5e-4
Body fresh (thorax back) 0.007
1e-3
5e-4
Body fresh (abdomen)
0.01
1e-3
5e-4
4.5

Beta
(/ms)
0.1
0.1
0.1
0.1

DEVELOPING THE FE FOAM BED MODEL
In the IA model, a weight is dropped through a vertical tube onto a steel helmet glued to

the skull of an anesthetized rat resting on a piece of low-density, polyurethane, shock-absorbing
foam. During impact, the foam deforms substantially to lengthen the impact duration so as to
absorb a significant portion of the impact energy. The FE model of the foam bed was meshed
based on actual dimensions using hexahedral elements (Figure 4-3). The region where the head
contacts the foam was finely meshed to improve the accuracy of the foam deformation, which
improved the contact performance between the elements of the foam and head due to the use of
the

similar

element

size.

The

total

number

of

elements

was

116,000.

The

MAT_FU_CHANG_FOAM (MAT_83) material model was used to represent the foam property
in LS_DYNA (LSTC, Livermore, CA). The foam density was 1.362e-8 kg/mm3. The stiffness
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property was represented by loaded stress-strain curves for different loading rates based on earlier
experimental studies conducted by our group (Zhang et al., 2011) (Figure 4-4). The foam material
model was validated against experiments by Zhang et al (Zhang et al., 2011). The PU foam used
in Maramrou’s rat impact model was also rate dependent.

Figure 4-3 FE foam model

Figure 4-4 Foam properties at different loading rates
4.6

VALIDATION OF FE RAT IA TEST

4.6.1 FE MODEL SIMULATION SETUP
The full body rat model was integrated with helmet, foam bed and impactor models in a
way identical to the in vivo experimental setup. Two tapes were wrapped around body to secure to
the foam bed in the tests were also meshed with shell elements. The FE model was then applied to
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simulate impacts at 2.25m and 1.25m impact heights in the same condition as the in vivo animal
tests (Figure 4-5, Figure 4-6).

Figure 4-5 Final experimental setup showing the impactor, sensor, helmet, and rat

Figure 4-6 FE model set up simulating rat head impact acceleration experiment
To validate the full body model response against the rat impact acceleration experiment,
the impactor was given actual impact velocities measured from the experiments. The theoretical
terminal velocity of the impactor falling from 2 m height is 6.26 m/s. The actual terminal velocities
from 2 m height measured from various test conditions were found to be consistently lower than
the theoretical values in all test groups. The experiment used a 2.25 m height and measured an
average velocity of 6.15 ± 0.04 m/s (Zhang et al. 2010). Figure 4-6 shows the setup of the rat
model simulation of IA experiment for 2.25 m drop.
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The simulation time duration was 60 ms with the output frequency at the sensor node
location set at 100k Hz. The data were filtered by SAE Channel Class 1000 for linear acceleration
and SAE Channel class 180 for angular velocity.
The parameters to be validated included head excursion/foam compression, head
translational acceleration and rotational velocity. Then, the model predicted results were compared
to the experimentally measured results and the maximum principal strain was also predicted.
4.6.2 DIRECT HEAD IMPACT TEST VALIDATION RESULTS
The simulation was run with LS_DYNA v971_R6.1. LS-PrePost was used to visualize
and plot the simulation results.
Head Kinematics: Figure 4-7 shows the model predicted and experimental head linear
acceleration and rotational velocity. The overall pulse and duration for both linear acceleration
and rotational velocity were comparable to experimental results from the typical 2.25 m impact
case. The model predicted peak values for both parameters were slightly greater compared to the
average of the experimental data (Table 4-4).
Head Excursion: Figure 4-8 shows a series of snapshots of the impact event from a high-speed
video camera that recorded the impacted rat head at various stages over 80 ms before the head
rebounded upward above the initial position. The amount the rat head displaced into the foam
upon impact and the amount that the rat head rebounded from the foam surface after impact were
analyzed and quantified from the video data. The model simulated head excursion reached its
peak at 89 mm at 30.2 ms for the 2.25 m impact. For 1.25 m, the head excursion reached peak 64
mm at 29.2 ms (Table 4-4,Figure 4-9), which matched the experimental data quite well.
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Brain Response: The peak maximum principal strain occurred in three regions: the top cortical
surface of the brain, the cc and hippocampus region, and the bottom cortical surface of brain;
from the sagittal view, we can see the brainstem also experienced high strain (Figure 4-10).
Head rotational velocity (2.25m)

Head linear acceleration (2.25m)
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5

0.1
0.05
0
-0.05

-0.1
-0.15

0
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10
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15

20
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Figure 4-7 Typical head kinematics curves measured from experiments (Dark line) and from FE
model simulation (Blue line) (2.25 m impact height)
Table 4-4 Kinematics (2.25 m and 1.25 m)
Mean ±SEM
Linear Acc. (g)
Angular Vel.
Impactor Disp
(rad/s)
(mm)
Exp_2.25m (n=16) / FE 855 ±118 / 917.6 132 ±11 /129.5 -90.3 ±0.5 / -88.7
Exp_1.25m (n=15) / FE 660 ±44 / 674.3
95 ±6 /106.3
-66.2 ±0.9 /-64.0

Time to Peak Disp
of impactor (ms)
29 ±1.9 / 31.6
28 ±3.3 / 29.6

Figure 4-8 Rat head impact event: Snapshots of impacted rat head at various time points during
the 80-90 ms event produced by a modified rat head impact acceleration injury device (Li, 2015)
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Figure 4-9 FE model validation of impactor displacement (2.25 and 1.25 m)

Figure 4-10 High strain in three regions of a rat brain as predicted by the FE model (left: strain
contour after impactor hit the helmet; right: strain contour after rotational velocity peak)
4.7

RAT FULL BODY MODEL VS. HEAD MODEL ONLY
Figure 4-11 shows the maximum principal strain response in the brain/spine between the

head-neck only and with full body models. Rat40 was used as the example to show the difference.
Head kinematics of Rat40 applied as prescribed boundary input loading. Using a head-neck only
model without the full body, the strain responses in the brainstem regions were much less than in
the full body model to the same loading condition. The lack of high strain in the brainstem region
suggested less severe injuries would occur. In contrast we found profound axonal changes in the
brainstem and medullary-cervical junction from 2.25 m impact cases. The lack of modeling of the
full body caused an inaccurate boundary condition which may lead to inadequate and inaccurate
predictions of biomechanical responses in the medullary-cervical junction.
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With body

Time

Without body
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MPS legend scale 0~0.2
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distribution
over time)

3.1 ms
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Figure 4-11 Strain comparison with/without body boundary conditions
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4.7.1 DISCUSSION
Pathology studies showed axonal injury occurs primarily in the brainstem region (He et al.,
2000; Smith et al., 1997). Our experimental studies also showed increased TAI density in the py
towards the cervical spinal cord region. With the whole spine and body model in the current study,
the model predicted a realistic strain distribution pattern which correlated to TAI pathology. Earlier
studies on simulations of rat head injuries did not observe a relatively high strain in the brainstem
region (Baumgartner et al., 2011; Lamy et al., 2013; Stemper et al., 2011). The current study
implies that the likely cause of this inconsistency is that previous models lack a spinal region to
provide a proper boundary from the whole body. This current work has demonstrated that it is
important to use the full rat body model to simulate Marmarou’s impact acceleration injury model.
4.8
EFFECT OF SENSOR LOCATION ON HEAD KINEMATICS
4.8.1 SENSOR OFFSET SIMULATION METHOD
The position of the sensor on the rat’s head could affect the measurements of the rat head
kinematics. To understand for these effects, measurements were taken at the middle point and
again at 1 mm and 2 mm on either side of the middle point (towards the caudal or rostral) (Figure
4-12). This middle point is not the same as that measured for validation of baseline cases. Instead,
it is chosen for convenience of selecting offset (1 and 2 mm) points. Therefore, this middle point
has a linear acceleration that is higher than the baseline case (which measured close to the middle
point +2).
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Middle point

Mid-1 mm
Mid-2 mm

Mid+1 mm
Mid+2 mm

Figure 4-12 kinematics measurements at different positions along the sensor

4.8.2 SENSOR OFFSET EFFECT RESULTS
There was a 13% to 18% difference for head linear acceleration if the measured position
was ± 2 mm offset from the middle location (Figure 4-13) though angular velocities remained
unaffected. Looking into the sensor values at different measurement locations showed that slight
fluctuations in measurement location had a significantly different linear acceleration.
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Figure 4-13 Kinematics difference at multiple positions. A: plot of head linear acceleration and
rotational velocity; B: changes in linear acceleration due to offset from the middle point
4.9

SENSITIVITY OF THE HELMET ANGLE AND SKULL STIFFNESS
Marmarou’s impact acceleration (IA) model (Marmarou et al., 1994) is the most widely

used rodent model to study DAI. There have been more than 1,400 publications related to
Marmarou’s model since it was developed. Despite its popularity, the model results in large
variations of injury severity among different groups.
Earlier kinematics studies of Marmarou’s model exclusively studied impact velocity and
supporting foam as the factors of variation related to brain injury (Piper et al., 1996). The results
showed that potential variations (velocity and supporting foam) in the mechanical system may
explain various mortality rates reported by different groups using the same model (Fei et al., 2007;
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Geeraerts et al., 2006; Marmarou et al., 2006; Pascual et al., 2007; Rhodes et al., 2002; Suehiro et
al., 2001; Ucar et al., 2006).
Recently, Marmarou’s original model was modified at WSU to eliminate the variation from
impact velocity and supporting foam. The original model has been expanded at WSU to monitor
impactor velocity, head displacement into the foam, head linear kinematics, and head angular
kinematics during impact (Li et al., 2011a; Li et al., 2011b). However, it was noted that even with
improved consistence of the impact energy imparted to the rat head, some variabilities were still
observed between the tests in terms of head kinematics and the severity of the axonal change
assessed by histopathology (Figure 4-14). Noticeably, the quantified axonal injury severity varied
between the left and the right hemispheres (Figure 4-15). Given that the impact was delivered to
the center of the helmet at the midline of the skull, these results implied that the variability of
boundary conditions surrounding the impactor surface and the helmet/head position during impact
need to be investigated. It is hypothesized that the variation of the initial helmet angle with respect
to the impactor surface during the impact and the rat skull stiffness may both influence the energy
transferring mode and affect the translational and rotational motion of the rat head. FE modeling
is a useful tool for analyzing the effect of the various boundary conditions simulating physical
phenomena. The object of this chapter is to use the detailed rat head FE model to simulate
Marmarou’s impact acceleration experiment and to quantify the effect of initial conditions on the
resulting brain tissue deformation pattern and severity which may explain the difference in brain
injury severity.
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Figure 4-14 Spatial TAI counts variation in cc at various sections with respect to the Bregma
from 2.25m head impact tests

Figure 4-15 Asymmetric of TAI distribution between left and right cc section
Ps: The darker color of the cell has more TAI counting
4.9.1 METHOD
The variation of head response may be associated with some of the initial conditions,
including variabilities of the rat helmet surface angle with respect to the impactor surface and the
central or non-central placement of the helmet/impact contact. Also, the variation related to the
physical properties included the size, mass between the rats, and the corresponding stiffness of the
skull structure. In our improved rat IA model, the alignment of the impact center was adjusted by
a laser beam. Presumably, the variation is negligible. In the current investigation, the factors
related to the impactor angle and the intrinsic difference of skull stiffness among the rats were
evaluated.
The validated rat full body model was applied to simulate the effects of the variation of the
initial conditions as well as the biological conditions on the resulting head kinematics, and,
subsequently, the local tissue strain distribution across the cerebral hemispheres during the impact.
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The biomechanical response parameters, maximum principal strain (MPS) and the rate of the
change of the maximum principal strain (MPSR) associated with diffuse axonal injury were
compared to assess biomechanical differences which may explain the difference in resulting injury.
The MPS and MPSR were quantified specifically for the 14 coronal sections in the cc and seven
sagittal sections in the py (Figure 4-16). These sections corresponded to the sections analyzed for
axonal changes including β-Amyloid precursor protein (β-APP) targeting the impaired axonal
transport and RMO-14 assessing neurofilament misalignment (Figure 4-17). MPS and MPSR in
each section within the cc and py were plotted and correlated to the axonal counts in terms of the
magnitude and distribution for each of the corresponding histological sections.
Table 4-5: Simulation matrix on the effect of the initial conditions
Variable 1: Helmet angle off 2 or 5 degrees in sagittal and lateral plane
Case
Case 1
Case 2
Case 3
Case 4 Case 5
Case 6
No.
Impact
Helmet’s
2 degrees 5 degrees 2
5
2
angle
surface is in the backward backward degrees degrees degrees
variable horizontal plane
forward forward sideway
Case ID Baseline
B_2°
B_5°
F_2°
F_5°
S_2°
Variable 2: Skull elastic modulus (GPa)
Case No.
Case 1
Skull Young’s modulus (GPa) 15 (Baseline)
Varied stiffness
baseline properties
Case ID
Baseline

Case 8
12
20%-Lower
Eskull_L

Case 9
18
20%-Higher
Eskull_H

Case 7
5
degrees
sideway
S_5°

Case 10
15
Skull-Rigid
Eskull_Rigid
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Figure 4-16 FE model sections correspond to experimental sections of TAI counts

Figure 4-17 cc and py under helmet

Simulation of The Helmet Angle Effect
To test the helmet-impactor contact angle effect, the experiment of the rat head impact
from an impactor falling from 2.25 m height was simulated. The rat head was rotated in either
coronal or sagittal plane so that the helmet surface was off the horizontal plane at 2 and 5 degrees,
respectively (Figure 4-18). The baseline case was the one where the helmet surface was parallel to
the impactor surface in the horizontal plane. All seven cases were simulated (Table 4-5) and
compared.
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Figure 4-18 Simulation setup to test the angle effect between helmet and impactor surface
Lateral (A), anterior (B), and close up (C) views of the computer model simulation set-up for
Marmarou’s rat head impact acceleration experiments, with the helmet rotated 5 degrees to the
side in the coronal plane with respect to the bottom surface of the impactor. (D) Diagram picture
shows helmet rotated with side angle to impactor in coronal plane (E) Diagram picture shows the
helmet rotated with back angle to impactor in sagittal plane.
Simulation of The Skull Stiffness Effect
The weight of the experimental rats varied between 364-420 g (mean ± sd: 392 ±13 g).
Skull stiffness was often greater for larger or older rats. The variation of skull properties can affect
the amount of skull deformation, which in turn can affect the head kinematics and, subsequently,
the internal brain strain response at a given impact energy. The elastic modulus of the skull defined
for the FE rat head model was 15 GPa and was defined as the baseline model. In this parametric
study, three additional cases were simulated with skull stiffness varying by ±20% along with a
rigid skull test assuming no skull deformation under the impact (Table 4-5)
4.9.2 RESULTS
Helmet Angle Effect on Head Kinematics
For an ideal sagittal impact (in the x-z plane), the head linear acceleration in y-direction
and angular velocity about x- and z- axis could be ignored. In the case of the baseline model
representing a perfect sagittal impact, the model predicted peak linear head acceleration at 0.4 ms
at the time the helmet was impacted (Figure 4-19). For head rotational kinematics, the rotationaly velocity peaked at 0.8 ms when the head was in extension and was followed by the second peak
at 4.5 ms in flexion. The effect of the helmet angle on the resulting head kinematics is shown in
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Figure 4-19 and Table 4-6. The linear acceleration was reduced in the instance of the forwardinclined helmet and increased in the instance of the backward-inclined helmet. Meanwhile, the
rotational velocity was increased for the former and decreased for the latter. For the sideways case,
in which the head was moved out of the sagittal plane laterally, it was found that the linear
accelerations in both the x and z directions as well as the rotational velocity in the y axis were
reduced.
For the cases with increased helmet angles (i.e. 5 degrees), the patterns of change persisted
with increased magnitudes compared to the baseline case, except the positive rotational velocity
of sideways cases (Table 4-6). As seen, the first peak rotational velocity was affected more
drastically by the helmet angle than the second peak (Figure 4-20). Also, the peak linear
acceleration and peak rotational velocity were negatively related (Figure 4-21).
The head linear acceleration differential was 8% to -31% when the helmet angle varied
from baseline to 5 degrees with respect to the impactor surface (Table 4-6). The linear acceleration
was very small in the y direction when the helmet was flat in the sagittal plane; the sideway cases
significantly increased the lateral acceleration to 4.7 m/s2.
Resultant linear acceleration
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Figure 4-19 The rat head kinematics from the baseline case
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Figure 4-20 Rat head kinematics curves of helmet angle test
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Figure 4-21 Rat head kinematics was inversely correlated between the angular motion and linear
motion in response to the helmet angle change
Helmet Angle Effect on Brain Response
The head kinematics were varied as the helmet surface inclined to a 5°angle. As a result,
the corresponding internal brain responses were also affected (Figure 4-22). For the cc, the forward
inclination (F_5°) produced a higher MPS than the other cases and was approximately 7.3% higher
than the baseline case (perfectly horizontal). The backward inclination (B_5°) produced the lowest
average MPS in the brain which was 7.6% less than the baseline. The change in MPSR response
was different than the MPS, where the highest value was found in the baseline and the lowest value
was found in the sideway inclination (S_5°). For the py, the baseline had both the highest MPS
and MPSR whereas the F_5°had a lower MPS and MPSR than the others. The results showed
that the effect on the MPS and MPSR were not only in magnitude, but also in the distribution trend
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as the helmet angle was slightly forward or backward incidents in the sagittal plane. The MPS of
py varied from 1% to -28% compared to the baseline.
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Figure 4-22 Helmet angle effect on strain comparison at two white matter structures.
(a) maximum principal strain (b) maximum principal strain rate
Effect of Skull Properties on Head Kinematics
By reducing the elastic modulus of the skull by 20% over the baseline value, the maximum
strain in the skull was less than 0.009. This strain value did not reach the skull fracture threshold
0.01 strain set for the model. The model prediction was consistent with a very small skull fracture
rate (20.4% of 2.25 m cases, 0% of 1.25 m) as observed from the rat experiments. Compared to
the baseline skull model with a less stiff skull (20% less than the baseline), the head linear
acceleration was reduced by 2.8%. With a stiffer skull, the linear acceleration was increased by
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2.6%. For a rigid skull, the linear acceleration was increased by 3.85% with pulse time duration
being 30% shorter than that of the baseline value. The change of the elastic moduli of the skull had
very minimal effect (<1%) on the rotational velocity of the y axis. The rigid skull case increased
rotational Y-velocity by 8% (Table 4-6). Overall, it was observed that an increase in linear
acceleration usually resulted in a decrease in rotational velocity for the deformable skull in
comparison to the baseline case. For a rigid skull absent of any skull deformation from the impact,
both linear and rotational responses increased (Figure 4-23).
Table 4-6 Kinematics changes compared to the baseline case
B_2°
B_5°
F_2°
F_5°
S_2°
S_5°
Linear Acc
4%
8%
-8%
-31%
-2%
-11%
Wy(p)*
0%
1%
-1%
-4%
0%
0%
Wy(n)*
-7%
-9%
7%
14%
0%
-2%
* Rotational velocity change: Wy(p): positive peak; Wy(n): negative peak
Eskull_L
Eskull_H
Eskull_Rigid
Linear Acc
-2.80%
2.61%
3.85%
Wy(p)*,
-0.08%,
-0.49%,
8.22%,
Wy(n)*
0.69%
-0.62%
7.76%
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Figure 4-23 Head kinematics of skull effect
Effect of Skull Properties on Internal Brain Response
As the elastic modulus of the skull varied by ±20%, there was a very small deviation of the
MPS in the cc region as compared to the baseline (Figure 4-24). The change of MPS in the py of
the brain was increased with a softer skull (11%) and decreased with a stiffer skull (8%) at the
location -13 mm caudal to the Bregma. The MPS in the case of a rigid skull for both the cc and py
structures was dramatically increased, particularly in the rostral region. However, the MPSR in the
py was much lower than deformable skull cases. The change was caused by the change of head
kinematics, as well as the increased neck stretching as compared to the deformable skull.
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Figure 4-24 Skull effect comparison for two white matter structures. Upper: maximum principal
strain; lower: maximum principal strain rate
4.9.3 DISCUSSION
Although our modified Marmarou’s IA injury model precisely controlled the repeatability
and consistency of the impact energy delivered to the animal head, the variability of the resulting
rat head kinematics and severities of the axonal pathology in the major white matter tracts from
the same group of rats under the same impact severity were still observed (Li et al., 2011a; Li et
al., 2011b). These biomechanical response variations and subsequent brain injury variations may
stem from some of the initial conditions in this experimental model that were not easily controlled.
For example, the plane of the helmet disc might have been inclined at a small angle with respect
to the impacting surface of the impactor and/or the difference might lie in varying rat skull stiffness
associated with different head weights. By conducting parametric studies using FE modeling, the
biomechanical cause and effect relationships that can be identified and evaluated may explain the

108

severity and extent of the injuries produced by this widely used rodent impact acceleration injury
model.
The results from the simulation revealed that the rat head kinematics were significantly
affected (31%) by the helmet angle inclined to 5°and slightly (8%) when the skull’s Young’s
modulus properties varied by 20%. At the baseline skull properties, the head linear acceleration
was inversely correlated to the head rotational velocity as the inclination of the helmet plane
increased to 5°. This implies that the overall energy transfer was similar, but the relative levels of
linear and rotational kinematics components were altered, which in turn could affect brain
responses and resulting brain injury.
Biomechanically, rapid changes in head motion and local skull deformation from a head
impact induce stress and strain in the brain. By comparing the brain responses from the parametric
study, the brain strain response in the cc was found to be related to the magnitude of the head
kinematics that was associated with the change in the helmet plane. The strain response in the py
tracts of the brainstem was influenced by changes to head kinematics and skull stiffness. It was
also found that increased py strain was associated with an increased stretching effect in the neck.
This effect was more drastic in the case of the rigid skull, where the impact of energy was entirely
converted to the kinematics due to a lack of local deformation in the skull.
Compared to the strain in the cc, strain in the py was dictated by the amount of skull
deformation caused by the direct impact. By varying the elastic modulus of the skull, it was
observed that py strain at the caudal end increased when the skull was assigned 20% lower Young’s
modulus than the baseline value. This is due to the deformed skull compressing the brain below
the impact, and the incompressible brain content pushing and moving toward the foreman magnum
(the opening of the skull) due to cranial volume reduction. The movement of the brain tissue caused
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high principal strain in the brainstem region (Figure 4-25). On the other hand, the brain
deformation in the cc (beneath the cortical layers of impact region) appeared to be less sensitive
to the deformation occurring at the brain’s surface.

Figure 4-25 Comparison of brain MPS with different skull stiffness

The brain response timing was related to head kinematics. Using FE modeling, we can
carefully examine the impactor effect on the brain response, which was challenging in the
experiment. Pressure peak happened immediately upon impact, and MPS had a slightly delay to
the loading. For the case with the elastic skull, the pressure peak happened a slightly earlier than
peak linear acceleration; the MPS was also slightly behind rotational velocity. For the case of rigid
skull, the MPS that related to second rotational velocity peak was more obvious than the MPS of
the elastic skull case (Table 4-7).
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Table 4-7 Timing of kinematic peak and response peak
Peak time of kinematics (unit: ms)
Linear acc (elastic)

0.4

Rot vel (elastic)

0.9 and 4.4

Linear acc (rigid)

0.3

Rot vel (rigid)

0.9 and 4.9

Peak time of biomechanical response

4.10

Unit: ms

Strain

Strain (psbd)

Pressure

Pressure (psbd)

cc (elastic)

2

2

0.4

0.4

py (elastic)

2

2

0.3

0.4

cc (rigid)

2 and 5

2 and 5

0.3

0.3

py (rigid)

1 and 15

1 and 15

0.4

0.4

DIRECT IMPACT VS. PRESCRIBED MOTION
The effect of direct or indirect impact to the head on the internal brain response was tested

to investigate the influence between the two simulation methods: explicit simulation of a direct
impact occurring between the impactor and the helmet on the top of the head versus the simulation
of the head motion as a result of head impact by prescribing the head kinematics using the motion
data measured from the direct impact simulation. In the prescribed motion method, head skull
deformation and impactor effect were not accounted for in the FE simulation. This may result in
inaccuracy in brain response as compared to the actual injury which resulted from a direct impact.
Here we are using an FE model to fully understand the potential limitation and to ensure the injury
correlation with brain biomechanical parameters from FE model-driven by prescribed head
kinematics.
4.10.1 METHOD
As in section, head kinematics and brain response parameters were compared. MPS and
MPSR in each section as well as ICP and ICPR within the cc and py were plotted and correlated
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to the axonal counts in terms of the magnitude and distribution at the corresponding histological
sections.
Two FE models were set up to investigate the differences (Figure 4-26). The kinematics of
the rat head motion (linear x and z, and rotation y histories) from the baseline model run was Case
1. In prescribed motion cases, the head was driven by the head kinematics from the baseline model
at the same position where the measurements were taken. The impactor was also removed. To
eliminate the local skull deformation effect, rigid skull cases were also simulated for both direct
impact setups (Eskull_Rigid) and prescribed motion (Eskull_Rigid-psbd) (Table 4-8).

case
Elastic skull
Rigid skull

Table 4-8 Impact effect test
Impact or prescribed motion
Direct impact Prescribed motion/indirect impact
Baseline
Baseline-psbd
Eskull_Rigid
Eskull_Rigid-psbd

Figure 4-26 Simulation setup to test the impactor effect
Left: model setup by impactor; right: model setup by prescribed motion.
4.10.2 RESULTS: DIRECT IMPACT VS. PRESCRIBED MOTION SIMULATIONS
As shown in Figure 4-27, the spatial distributions of both MPS and MPSR in the cc and py
from prescribed motion simulation cases (Baseline-psbd and Eskull_Rigid-psbd) had the same
patterns as those from the direct impact simulation cases (baseline and Eskull_Rigid). The MPS
magnitude increased 7% at maximum for the cc region while it decreased 8% at maximum for the
py region from prescribed motion simulation of a deformable skull. The overall difference found
in the brain MPS was insignificant when an indirect simulation method was used to replace a direct

112

head impact simulation method for rat head impact model analysis. For the MPSR magnitude,
there was only a 5.7% decrease of prescribed motion in the cc region, while the py MPSR had
maximum 35% magnitude reduction. For the rigid skull cases, the magnitude results were observed
to be nearly the same between direct and indirect impact.
The pressure results seen in Figure 4-28, show that the ICP and ICPR both decreased 15%
at maximum. Moreover, the spatial distribution of ICP and ICPR in cc has the same pattern of
direct and indirect cases of deformable skull, but there was also a decrease in magnitude. In the
py, the distribution pattern and magnitude were both changed with the trend showing the pressure
decrease more at the rostral than the caudal side. In this case, the maximum decrease was about
24% for both ICP and ICPR. For the rigid skull cases, direct and indirect impact had almost
overlapping results at both the cc and py regions.
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Figure 4-27 Impactor effect comparison for two white matter structures. upper: maximum
principal strain; lower: maximum principal strain rate
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Figure 4-28 Impactor effect comparison for two white matter structures. upper: pressure; lower:
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4.10.3 DISCUSSION
Prescribed motion was applied to reconstruct each rat test rather than having a direct
simulation of impactor to helmet contact. The skull bending and subsequent transient pressure
caused by falling weight may not be simulated using prescribed loading. We excluded skull
fracture cases in TAI counts. In addition, Marmarou reported that the skull only experienced 0.3
mm deflection during impact (Marmarou et al. 1994). In FE simulation where the impact was
directly on the helmet, we found that the strain of the skull was less than 0.9%, which was quite
small. This model prediction was consistent with a very low skull fracture rate (20.4% of 2.25 m
cases, 0% of 1.25 m) as observed from the rat experiments. Furthermore, the skull was well
protected by the helmet under the impact region. The potential effect from skull deformation and
resulting impact on the deep brain structures far from the cortex region such as the cc would be
minimal.

114

The simulations direct impact on a rigid skull and prescribed motion cases showed the
impactor had a slight effect on both cc and py. By applying prescribed motion instead of direct
impact on the deformable skull, the MPS and MPSR distribution magnitude changed slightly, but
their spatial distribution pattern was nearly the same. The elastic skull cases had about a 24%
difference in py of MPSR when using prescribed motion. The reason for the difference was the
same as described for the skull properties test in section 4.9; the local skull deformation pushed
the whole brain to the foramen magnum.
Rigid skull prescribed motion could absolutely replicate the cc and py responses compared
to direct impact for all MPS, MPSR, ICP, and ICPR. That means if the skull of the experimental
rat was stiff enough or the skull deformation was fully eliminated by the helmet, the prescribed
motion method can perfectly reproduce the head kinematics and predict brain responses.
In conclusion, these results showed that the impactor had an instantaneous effect on the cc
response of magnitude for an elastic skull, but the distribution trend was not affected. Additionally,
the cc MPS was overestimated by prescribed motion and underestimated for the py along with an
underestimation of py MPSR magnitude while still adhering to the distribution trend. Both the
magnitude and trend of py ICP and ICPR were changed, especially at the rostral side of the py.
4.11

CONCLUSIONS
A FE rat body model with a high-resolution detailed FE rat head has been developed. This

is the first FE rat model that has been subjected to validation against head kinematics measured
from an in vivo rat IA test. The full-body FE model provided a proper boundary condition to
accurately predict brain responses at the medullary-cervical region during an IA test.
The sensor location could affect the accuracy of head linear acceleration measurement and
ranged from -13% to 18% with 2mm distance offset to rostral or caudal. This may explain the large
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dispersion of the head kinematics (321-2313 g; 52-181 rad/s) measured from the experimental IA
model even with improved consistency and repeatability of impact energy.
The inclined helmet angle to the impact surface and the skull stiffness were also the causes
of large variations of head kinematics. A small deviation in helmet inclination angle from 0 to 5°
affected the resulting head linear acceleration by 31% and rotational velocity by 14%; the deviation
in skull stiffness from -20% to +20% affected the head linear acceleration by 3.9% and rotational
velocity by 8%. The helmet angle and skull stiffness could also explain the variations of injury
pathology observed in the experiment. The internal responses showed that strain in the corpus
callosum was affected by the head kinematics (linear and rotational), and in addition to head
kinematics, axon bundles of the brainstem was also affected by the local skull deformation and
head-neck boundary conditions. These parametric studies revealed factors contributing to the
variability of head and brain responses from Marmarou’s IA model. Identification of these
variables might help explain the variability of injury severity observed among experiments and
across different labs.
The prescribed motion was the only way to reconstruct each test with head kinematics
recorded from modified IA test due to large variations with uncertainty of the exact cause. The
effect of using prescribed motion to simulate direct impact was evaluated and quantified for the
difference. It was found that the prescribed motion method may result in overestimation of MPS
by 7% in cc and 8% underestimation in py. The MPSR was mostly underestimated by 35% in py.
The ICP and ICPR had 15% underestimation in cc, and 24% underestimation in py with altered
distribution profiles as well.
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CHAPTER 5
Experiments
5.1

FE Analysis of Rat Head Impact Acceleration Injury

INTRODUCTION
After the model had been rigorously validated and the potential limitations had been fully

understood by the parametric studies, it could be used for the application study of simulating the
modified IA experiments.
Specific Aim 2 was to simulate the modified Marmarou’s in vivo rat head impact acceleration
(IA) tests and calculate the biomechanical responses in the brain of the FE rat model.
There are three main tasks to be studied in this Chapter. First, the application of this chapter
is to use the high-resolution FE rat head/body model to calculate the brain tissue responses by
applying the specific head kinematics of each test from our previous study (Li., 2015). Second, the
calculated brain tissue responses were analyzed in general distribution patterns. Third, this study
correlated the general brain responses to head kinematics. These results can help in understanding
the relation between external loading and internal tissue responses as well as help in understanding
and establishing injury criterion at the tissue level (the biomechanical parameters, discussed in
Chapter 6).
5.2

METHOD

5.2.1 SIMULATION
From the experimental data, we found that biomechanical responses in the rat head can
vary widely from the same drop height. As reported by Li et al. 2011, 31 adult male SD rats were
tested; peak linear acceleration was 660 ± 170 g and 855 ± 752 g for impacts from 1.25m (n=15)
and 2.25 m (n=16), respectively. Peak angular velocity in the sagittal plane was 95 ±23 rad/sec
and 132 ± 44 rad/sec for 1.25m and 2.25m impacts, respectively. The exact impact condition was
unknown, however, due to the presence of inconsistent contact angles between the helmet and
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impactor as well as the variation of intrinsic sample properties like skull stiffness within the same
impact group during the tests. Thus, because of the variability of the head kinematics, a direct
impact simulation was unable to be duplicated. Therefore, the measured head kinematics data was
directly applied to the rat model to simulate the actual head motion experienced by the in vivo
experimental rats.
The experimentally recorded head kinematics were directly applied as a prescribed
boundary condition to the head of the FE rat model. The head kinematics (linear acceleration and
rotational velocity) were directly recorded from the experiment using a miniature sensor unit
attached to the rat skull. The head kinematics from rat IA test was measured and verified previously
(Li et al., 2011a). The change of velocity (dV) was determined from the derivative of the
displacement-time histories of digitized video data. The dV in the rat head was also calculated by
integrating the head linear acceleration-time history measured from the transducer. A reliable
measurement of the rat head motion was ascertained when head dV from the integrated
acceleration signals reasonably matched to the head dV from video tracking, indicating that the
sensors were rigidly attached to the skull during impact. The prescribed boundary head motion
included linear acceleration in a Z direction and a rotational velocity about the Y axis. Total cases
numbered 16 for the 2.25m impact tests and 15 for the 1.25m impact tests.
5.2.2 MODEL OUTPUT
The simulation results were plotted and analyzed for the structures: cc and py, in terms of
MPS, MPSR, MPSxMPSR, CSDM (MPS>0.2), ICP, ICPR, and ICPxICPR. The measurements
were taken from all the selected elements of cc and py as described in section 4.9.1, and then the
average value was used to represent each rat brain response.
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The model-predicted responses were also used to compare with the quantified TAI
histological analysis from in vivo TBI rats and establish an injury threshold at the tissue level
(discussed in Chapter 6).
5.2.3 CORRELATIONS WITH BRAIN RESPONSES AND HEAD KINEMATICS
The FE model-predicted brain responses were correlated with various input head
kinematics data recorded and calculated from experiments (Aim 2 Figure 5-1). The head
kinematics parameters were peak linear acceleration (linear acc), linear average acceleration
(linear avg acc), linear power, HIC, peak rotational velocity (rotation vel), rotational average
velocity (rotation avg vel), peak rotational acceleration (rotation acc), rotational average
acceleration (rotation avg acc), and rotational power. The linear avg acc was the area under the
linear acceleration pulse curve divided by the pulse time duration. Similarly, for rotation avg vel
and rotation, and avg acc were calculated using the area under the curve divided by pulse time
duration. The linear/rotational power was the changing rate of linear/rotational kinetic energy; this
calculation the was power of dV (change of velocity) divided by pulse time duration (a detailed
definition of these head kinematics can be seen in (Li et al., 2011b)).

Figure 5-1 A closed form procedure to solve tissue injury criterion
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5.3

RESULTS

5.3.1 MODEL PREDICTED BRAIN RESPONSES
The typical biomechanical responses showed that the brain experienced high MPS among
several functional regions, such as the cortex, ventral cortex, cc, middle brain, and brainstem
(Figure 5-2 A, C). The majority of cases showing cc with high MPS was focused on the center
region (Figure 5-2 B) while a minority exhbiting high MPS were more towards the lateral region
(Figure 5-2 D). High pressure was observed at the olfactory, cortex, cc, cerebellum, and py (Figure
5-3 A, C). The pressure distribution showed two distinct but equally prevalent patterns. The first
showed a high-pressure gradient rank from dorsal to ventral in addition to high pressure at the
ventral side of the magmum foramen (almost at py location) (Figure 5-3 A). The second showed
high pressure at the rostral and cadual regions of the brain, but lower pressure in between them
(Figure 5-3 C). The cc and py pressure was also affected by these two patterns (Figure 5-3 B, D).
From all cases, MPS ranged from 0.08 to 0.24 in cc, with higher strain ranging from 0.1 to
0.25 observed in the py. The average strain was also higher in py than cc for both 2.25 m and 1.25
m. The average of 2.25 m cases experienced higher MPS than 1.25 m cases (Figure 5-4 A). The
MPS response values predicted for cc and py regions agreed with relative magnitudes of axonal
injury assessed on histological sections with TAI counts being higher in py than in cc. The MPSR
ranged from 0.09 to 0.35 /ms in cc and 0.11 to 0.55 /ms in py. The average trend of MPSR showed
the py of both 1.25 m and 2.25 m cases had a similar level of magnitude, though both cases were
higher than either of the cc cases. The cc MPSR was higher at 2.25 m than 1.25 m (Figure 5-4 B).
The averag ICP ranged from 0.0474 to 0.126 MPa in the cc, and 0.0462 to 0.115 MPa in
py. The cc of 2.25 m cases experienced the highest ICP and the cc of 1.25 m cases experienced the
lowest ICP; in contrast, the py of 1.25 m and 2.25 m cases experienced similar levels of ICP
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maganitude which were lower than the cc 2.25 m case and higher than the cc 1.25 m case (Figure
5-4 C). The ICPR ranged from 0.157 to 0.433 MPa/ms in the cc and 0.206 to 0.591 MPa/ms in the
py. The averaged trends followed those of MPSR, the py ICPR at 1.25 m and 2.25 m. Both had
similar levels of magnitude. Both py cases also had higer magnitude than either of the cc cases.
The cc ICPR was higher at 2.25 m than 1.25 m case (Figure 5-4 D).
The correlation of biomechanical responses between cc and py showed a positive
relationship (Table 5-1, Figure 5-5). The CSDM and MPS showed the highest correlation. There
was one outlier observed for MPS correlation; if Rat27 was excluded, the R2 value improved to
0.84. The MPSR had the lowest correlation between cc and py.

A

B

Rat 28

C

D

Rat 27

Figure 5-2 Spatial distribution of MPS peak responses (rat 28 upper and rat 27 lower)
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Figure 5-3 Spatial distribution of ICP peak responses (rat 28 upper and rat 27 lower)
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Table 5-1 R2 table of correlation between cc and py biomechanical responses
Correlation between
cc and py responses MPS MPSR MPSxMPSR CSDM ICP ICPR ICPxICPR
R2 (n=31)
0.61 0.19
0.36
0.71
0.51 0.45
0.34
py MPS vs. cc MPS

A

0.40

0.25
R² = 0.6073

0.35

cc MPSR (/ms)

cc MPS

0.20
0.15
0.10
0.05

0.30
0.25
0.20
0.15

R² = 0.1877

0.10
0.05

0.00

0.00
0.00

0.10

py MPS

0.20

0.30

py ICP vs. cc ICP

C
0.14

0.00

cc ICPR (MPa/ms)

0.1
0.08
0.06
0.04

0.02
0
0

0.05
0.1
py ICP (MPa)

0.15

0.20
0.40
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0.60
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D
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Figure 5-5 Mechanical response correlation between cc and py (p.s: the dot in red circle was case
Rat 27.)
5.3.2 CORRELATION BETWEEN BRAIN RESPONSE AND HEAD KINEMATICS
For the cc, linear regression showed that the MPS in cc correlated best to the head rotation
vel with an R2 value of 0.63 (Figure 5-6 A), while the ICP in the cc correlated best to the head
linear acc with an R2 value of 0.62 (Figure 5-6 B). For the py, the MPS correlated best to the head
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rotation avg vel with an R2 value of 0.37 (Figure 5-6 C), while the ICPxICPR correlated best to
the head linear acc with an R2 value of 0.63 (Figure 5-6 D).
From Table 5-2, the results showed most of MPS-related parameters were positively
correlated with the rotational-related kinematics, except the rotational power; moreover, the cc
showed much better R2 value than py. The ICP-related parameters were positively correlated with
linear-related kinematics, except linear power; cc ICP was best related to all linear-related
kinematics, while py ICPxICPR was best related to all linear-related kinematics.
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Figure 5-6 FE model mechanical responses linearly correlate with experiment kinematics
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Table 5-2 mechanical responses correlated with kinematics (all cases)
(cc)
MPS MPSR MPSxMPSR CSDM ICP ICPR ICPxICPR
Linear acc
0.10 0.00
0.04
0.07
0.62 0.39
0.47
Linear avg acc
0.02 0.00
0.01
0.01
0.31 0.15
0.20
Linear power
0.01 0.02
0.01
0.03
0.17 0.07
0.10
HIC
0.02 0.00
0.01
0.01
0.44 0.25
0.27
Rotation vel
0.63 0.14
0.38
0.58
0.07 0.03
0.10
Rotation avg vel
0.54 0.17
0.40
0.51
0.09 0.05
0.10
Rotation acc
0.22 0.41
0.38
0.23
0.17 0.26
0.11
Rotation avg acc 0.44 0.22
0.34
0.43
0.02 0.00
0.00
Rotaional power 0.05 0.14
0.07
0.04
0.04 0.08
0.04
2
R (py)
MPS MPSR MPSxMPSR CSDM ICP ICPR ICPxICPR
Linear acc
0.02 0.09
0.03
0.04
0.34 0.57
0.63
Linear avg acc
0.00 0.02
0.01
0.00
0.11 0.20
0.31
Linear power
0.11 0.00
0.04
0.13
0.02 0.06
0.16
HIC
0.00 0.08
0.07
0.00
0.23 0.36
0.59
Rotation vel
0.27 0.00
0.24
0.34
0.03 0.17
0.02
Rotation avg vel
0.19 0.01
0.11
0.26
0.04 0.16
0.02
Rotation acc
0.05 0.24
0.27
0.05
0.13 0.06
0.09
Rotation avg acc 0.37 0.00
0.14
0.38
0.01 0.01
0.09
Rotaional power 0.00 0.18
0.13
0.03
0.07 0.03
0.08
2
Ps: green cells are R > 0.2
R2

5.4

DISCUSSION
A sophisticated FE rat model was developed to calculate the brain biomechanical responses

by reconstructing the head kinematics of the IA experiment. The results predicted reasonable MPS
and ICP magnitude range in the brain.
The special distribution patterns of MPS and ICP were disclosed by the simulations. In the
white matter structures, we considered in this study, the MPS was typically highest in the center
region of the cc; the ICP had a gradient from high to low at vertical direction or sagittal direction.
These patterns might explain the TAI distribution, which will be further analyzed in Chapter 6.
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The average MPS of all cases showed the same trend as TAI quantification: py (2.25m)>
cc (2.25m)> py (1.25m)> cc (1.25m). The rest of the biomechanical responses did not display the
same trends of TAI.
All of the responses between cc and py had a positive correlation. This suggests that higher
imparted energy resulted in higher responses over the whole rat brain.
The correlation between head kinematics and biomechanical responses showed the MPSrelated responses were positively related with rotational kinematics, and that the R2 values were
much better for cc than py. That may be due to the fact that py responses were affected not only
by the head kinematics but also by the boundary condition of the head-neck, such as the bending
angle and stretching level.
Both cc and py ICP-related responses had good positive relationships with linear acc and
HIC. When combined with the results from section 4.10.2 (the py ICP and ICPR spatial
distribution trend and magnitude level could keep the same prescribed motion as direct impact if
the skull was rigid), the py ICP-related responses could represent the real condition if the skull is
un-deformed during direct impact. Furthermore, the cc ICP-related response can represent the real
impact condition distribution, with only the magnitude was underestimated.
5.5

CONCLUSIONS
An anatomically detailed FE model of rat head/body enabled a thorough analysis of

biomechanical response at tissue levels in an in-vivo TBI model. The correlation of the regional
averaged strain/pressure patterns with the TAI quantification and the kinematics showed that the
computer simulation could serve as a tool to explore the underlying mechanisms of traumatic
axonal injury. The followings list shows the summary of the preliminary findings:
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•

High strain was observed in the dorsal cortical region, cc, hippocampus, ventral cortical
and brainstem regions.

•

The overall MPS predicted by the model was positively correlated to the severity of TAI
in the cc and py. The average strain predicted at two heights corresponded to the injury
counts being significantly higher at 2.25m than 1.25m in live rats. The py experienced
higher strain than the cc.

•

All the responses between cc and py of each rat were positively related.

•

Rotational velocity was responsible for strain in the cc and py, and linear acceleration was
responsible for the pressure gradient.

Research plan in next chapter
Localized MPS was found to be a relevant injury predictor. Other relevant and potential
injury predictors such as the MPSR, MPS x MPSR, CSDM, ICP, ICPR, and ICP x ICPR were
investigated and analyzed for Specific Aim 3 to develop the tissue level injury threshold.
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CHAPTER 6 Development of Tissue Level Injury Criterion
6.1

INTRODUCTION

Specific Aim 3: To correlate the predicted biomechanical response (strain/pressure map) with
the axonal changes (injury map) in the in vivo rat brain thereby establishing thresholds for white
matter injury (Aim 3 in Figure 6-1).

Figure 6-1 A closed form procedure to solve tissue injury criterion

Hypothesis: The neural tissues have strain/pressure- and rate-dependent thresholds that can be
quantified by the maximum principal strain/pressure and maximum principal strain/pressure rate
during impact. This tissue level injury threshold can be directly translated to humans using the
human head FE model.
This chapter reports the work performed to achieve Specific Aim 3. The severity and
distribution of axonal pathology in the major white matter tracts of the rat brain induced by the
impact acceleration injury model was reported previously by our group at WSU (Kallakuri et al.,
2012; Li et al., 2011a). The included quantified axonal pathology in those studies was
constructed as a series of axonal injury maps encompassing the entire cc and py in the
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brainstem. To develop the tissue level thresholds using the FE rat head mode, the following tasks
were performed and validated for this study:
1)

The model simulated biomechanical responses, including maximum principal

strain (MPS), strain rate (MPSR), product of MPSxMPSR, intracranial pressure (ICP),
intracranial pressure rate (ICPR), and the product of ICPxICPR; in addition, the cumulative
strain damage measure (CSDM) above MPS 0.2 reported in 5.3 (Specific Aim 2), were
analyzed to construct local biomechanical response maps at element resolution (200 x
200 micron).
2)

The biomechanical response maps were then directly compared to the axonal

injury maps on an element (FE model)-to-grid (histology) basis in the white matter.
3)

The biomechanical thresholds for axonal injury were then established using a

logistic regression analysis from the measurements taken on two populations of severe
injury and less severe injury elements based on an experimental model (actual injury) and
computer model (prediction).
6.2

METHOD

6.2.1 AXONAL INJURY MAPS
Li quantified axonal pathology from 31 TBI rats and reported in his dissertation (WSU
2015). -APP immunocytochemistry revealed axon pathology in the form of reactive axonal
swellings and retraction balls across the entire cc or py. A set of successive coronal sections (1315) spaced 0.48 mm apart were selected for investigating TAI along the entire anterior to posterior
aspects of corpus callosum. To assess TAI in the pyramidal tract, a set of seven sagittal sections
comprising midline (0 μm), ±200 μm, ±600 μm, ±1000 μm, were selected. In each panoramic
section of cc and py, the TAI injury count was determined in each 200 x 200 μm grid. There were
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370 sectional injury maps of the cc, and more than 180 sectional injury maps of the py were
constructed for 31 rats (Figure 6-2,Figure 6-3).

Figure 6-2 A representative panoramic view of corpus callosum and pyramidal tract used to
quantify β-APP reactive (+) axonal (arrow) profiles (Li et al., 2011; Kallakuri et al., 2012)
Left: Corpus callosum section (coronal section), with numbers (left bottom) indicating TAI count;
Right: Pyramid tract section (sagittal section) with arrows (right bottom) indicating observed TAI
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C

Bregma +2.28

Bregma +1.80

Bregma +0.36

Bregma -0.12

Bregma -1.56

Bregma -2.04

Bregma +1.32

Bregma +0.84

Bregma -0.60

Bregma -1.08

Bregma -2.52

Bregma -3.00

12 coronal sections encompassing entire CC
Figure 6-3 Representative injury map showing TAI distribution in cc (A) and py (B). Different
colors were assigned for varying TAI counts within a 200 x 200 grid: light blue = 0-3 TAI
counts; yellow = 4-6 TAI counts; red > 6 TAI counts. (C) The color maps show 12 coronal
sections encompassing the cc structure from one of the rats (the deeper color means more TAI
counts).
6.2.2 BIOMECHANICAL RESPONSE MAPS
The MPS and ICP results throughout the impact duration were plotted for each of the
simulated rat cases. The example of MPS distribution contours from the entire cc and py structures
in two impact heights are shown in Figure 6-4. The example of ICP counter in the whole brain
from sagittal and coronal sectional views and in the cc and py structures are show in Figure 6-5.
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2.25 m Rat20

1.25 m Rat58

Figure 6-4 Spatial distribution of MPS peak for cc and py from 2.25 and 1.25 m impact cases

Rat58

Sagittal view

Coronal view

Iso view

Figure 6-5 Spatial distribution of ICP peak from the whole brain, and on cc and py
The element size of the FE brain model was meshed approximately at 200 x 200 x 200
micron. This element resolution was the basis of how we decided the size of the grid for axon
counting on each of the brain histological sections (Figure 6-6). The correlation of FE results with
axonal injury at the same resolution at a given section within a given structure was ensued to
achieve accuracy of the mapping results.
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cc

py
FE

TAI histology

Figure 6-6 FE model mesh size consistent with TAI quantification grid (200 x 200 um).
To select the section corresponding to histology section of the rat brain, the cc of the FE
model from rostral to caudal was sliced into 14 coronal sections at an interval of 0.48 mm while
the py from lateral to middle was sliced into 7 sagittal sections at an interval of 0.4 mm (Figure
6-7). Each FE section contained one layer of elements (~200 micron). These section locations
corresponded to the histological sections.
The possible biomechanical injury predictors analyzed on an element-by-element basis to
correlate to the grid of the histology data were ICP, ICPR, the product of ICP and ICPR
(ICPxICPR), MPS, MPSR, the product of MPS and MPSR (MPSxMPSR), and CSDM (MPS>0.2).
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py: 7 sagittal sections
0.40 mm interval

cc: 14 coronal sections
0.48 mm interval

Figure 6-7 FE model sections defined in the cc and py structures.
Fringe shows the MPS magnitude
6.2.3 CORRELATION OF RESPONSE MAPS WITH INJURY MAPS
Data Inclusion Criteria
Because of the high variation of TAI counts in rats from the same impact group even with
the improved consistency and repeatability of the impact device and impact conditions (see e.g.
Section 4.9, variation caused by helmet angle and skull stiffness) and potentially the axon counting
errors, there were only 29 cc and 28 py TAI injury maps from the IA experiment were used for
model correlation study. In addition, review of the injury data was conducted by three criteria to
include or exclude the outliers due to the variabilities above. The criteria used were 1) 95%
Confidence Interval (CI) of total TAI counts in the whole brain from each impact group, 2) TAI
counts in relation to the cc and py structures from each impact group, and 3) TAI distribution in
each rat.
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Using Rat57 (one of the 1.25 m cases) as an example, the total TAI counts in py was 972,
which was out of 95% CI of all 1.25m rats. The number was seven times of the second highest
TAI counts (140) in py in Rat45 from the same impact group (1.25m rats). Then, using Criterion
2, the TAI counts in cc from Rat57 was only 15, which was one of the lowest of two cases (among
all rats in two groups). This might be questionable since this relation could not be explained by the
simulation prediction and was inconsistent with the general relationship of TAI counts between cc
and py in almost every other rat (see Section 5.3.2). Finally, using Criterion 3, the TAI distribution
of the rat was reviewed to exclude this case of py with abnormal counting or distribution observed
on 200 x 200 micrometer grids per sections. Figure 6-8 shows the Rat57’s py TAI counting in the
sagittal plane. As seen, the TAI dramatically increased towards the decussation region; thus, the
py of Rat57 was excluded for analysis.
Histology section preparation using the sagittal plane might play a role in overestimating
TAI counting in py. The sagittal section in this structure not only included more axons where the
neural fiber bundles switch the alignment direction from left to right but also fibers of smaller
caliber, so the number of damaged axons bubbles might have had a much higher density not caused
by mechanical loading (Kallakuri et al., 2012). Additionally, this could also be because the py
location was determined from pontine nuclei based on an atlas where these two structures were
not easily identified in the histology section, potentially affecting the TAI counts in the caudal and
rostral regions of the py section. For all of the reasons above, the injury data in the decussation
region were not included from the analysis of injury of all rats.
Another example here is Rat29 whose TAI count was 913 in cc and 375 in py. This is one
of the two cases (among two groups) that cc had more TAI counts than the py. According to
criterion 1, TAI in cc from Rat29 fell out of 95% CI. For criterion 2, the relationship between TAI
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counts of cc and py did not follow the general trend as py (1.25m) > cc (1.25m), indicating that
TAI might be either over-counted for cc or under-counted for py. Then, the review based on
criterion 3, showed the py histological sections were much shorter than the other rats (Figure 6-9).
Although cc was count was high, the py section showed errors, so, the py of Rat29 was excluded
in analysis for all these reasons.
One more example here is Rat27 whose TAI counts were 795 in cc and 1090 in py. The
case had the 2nd highest TAI counts in cc which fell out of 95% CI. Using criterion 2, TAI counts
between cc and py followed the general trend being py (2.25m) > cc (2.25m). Furthermore, py
slightly fell out of 95% CI. The review based on criterion 2 indicted that the TAI counts in cc
would have been correct if high TAI in py was also present. Using criterion 3, TAI counts
displayed as highly asymmetric from left to right (Figure 6-10). This difference might also have
resulted from motion off the sagittal plane occurring to the rat during the impact experiment, which
was not replicated by the FE model in this study due to missing motion measurements off the
sagittal plane. For all the above reasons, the TAI counts in cc from Rat27 were also excluded in
the analysis.
After careful review of the TAI data from all rats, TAI in cc from 22 rats (n=11 of 2.25m,
n=11 of 1.25m) and TAI in py from 21 rats (n=11 of 2.25m, and n=10 of 1.25m) were used to
establish the correlation between biomechanical response maps and TAI map in the logistic
regression analysis.
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Figure 6-8 Rat57 py TAI counting in sagittal plane
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Figure 6-9 Rat29 py TAI counting in sagittal plane
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Figure 6-10 Rat27 TAI counts map in from top view
Data Analysis Methods:
The biomechanical responses from the FE model and TAI from rat experiments were
correlated at three levels: element, section, or whole rat levels (Table 6-1). These are: 1) cell to
cell (c2c), 2) section to section (s2s), and 3) whole rat. Then, the logistic regression was performed
to establish the thresholds for data at all three levels by the “listing all rats” column in Table 6-1.
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Table 6-1 Matrix for cc and py analysis at three levels
Analyze levels
Listing all rats*
Each rat
Average of all rats**
For cc, n=22 rats
(n = No. sample x No. rat)
c2c
n = 294
n = 294 x 22 = 6468
N/A
x-axial direction n = 14
n = 14 x 22=308
n = 14 (average of 22 rats)
s2c
y-axial direction n = 21
n = 21 x 22=462
n = 21 (average of 22 rats)
whole rat
N/A
n = 1 x 22 = 22
N/A
*The “Listing all rats” condition was used to have all rats’ sections/cells/rats together for
correlation and logistic regression analysis.
** “Average of all rats” condition was averaged/summed up at each section location of all
rats biomechanical responses/TAI. Used for correlation analysis only
Analyze levels
For py, n=21 rats
c2c
x-axial direction
s2c
y-axial direction
whole rat

1)

Each rat
n = 87
n = 29
n=3
N/A

Listing all rats*
(n = No. sample x No. rat)
n = 87 x 21 =1614
n = 29 x 21 = 537
n = 3 x 21 = 63
n = 1 x 21 = 22

Average of all rats**
N/A
n = 29 (average of 21 rats)
n = 3 (average of 21 rats)
N/A

c2c level method
Figure 6-11 Biomechanical response corresponding to TAI quantification at the “cell” level.
shows the example of how to calculate a “cell”, the basic unit, for logistic regression

analysis and correlation between the biomechanical response maps and TAI maps. In Figure 6-11
Biomechanical response corresponding to TAI quantification at the “cell” level.
, the image on the left (A) shows one example of a TAI histological section from the cc
and left (B) shows the TAI quantification done at a series of 200 x 200 µm2 grids. Because the
histological sections usually have different thicknesses from superior to inferior between rats, the
TAI was summed up for from superior to inferior at each 200 x 200 µm2 grid location and termed
as “cell”. Then, to correlate the biomechanical responses with TAI, the biomechanical responses
of the FE model were also organized into cells. Since the FE mesh was developed at a size of
approximately 200 x 200 µm2, the mesh could be matched to the TAI histological grid locations.

139

For example, the MPS of elements at the same location of cc from superior to inferior was averaged
into cells (Figure 6-11, right).
Because of the symmetry of left-right response from the FE model, only half of the side of
the cc and py were analyzed. However, the experimental model does not show the same perfect
symmetry, so TAI was organized into halves from left to right (Figure 6-12). For the cc, there are
21 cells from midline to lateral edge per coronal section and 14 sections from rostral to caudal (n
= 21*14 = 294). For the py, there are 29 cells from rostral to caudal per sagittal section and three
sections from midline to the lateral edge (n = 29 x 3 = 87). Usually py TAI sagittal sections were
shorter than 29 cells due to histological section and other quantification difficulties.
One cc histological section, total 14

FE mesh section the same as histological

Cell (TAI)
Cell (MPS)
Figure 6-11 Biomechanical response corresponding to TAI quantification at the “cell” level.
Left A: one cc histological section; Left B: TAI quantification at each 200x200 µm2;
Right: FE mesh cut at the same section location as histological sections (14 cc coronal sections, 7
py sagittal sections).
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Figure 6-12 Biomechanical response at cells of organized data into excel.
Left: cc. Right: py.
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2)

s2s method:
Biomechanical response averaging cells in each section were arranged in two directions

(Figure 6-13): along x-axial (from rostral to caudal) or y-axial (from midline to lateral) direction
and TAI quantification was totaled. For the x-axial direction, the coronal sectional biomechanical
response was calculated by averaging all of the cells in the plane from midline (0 mm) to lateral
(4 mm) on the cc (14 sections along x-axial direction from 2.3 mm to –4.44 mm), and from midline
(0 mm) to lateral (1 mm) on py (29 sections along x-axial direction from -8.8 mm to -14.4 mm)
(Figure 6-13 A). For the y-axial direction, the sagittal sectional biomechanical response was
calculated by averaging all of the cells in the plane from rostral to caudal (Figure 6-13 B) on the
cc (21 sections along y-axial direction) and py (3 sections along y-axial direction). The TAI
histological section biomechanical responses were totaled using the same method as used for the
model.
Seven histological sections were cut on the py in the sagittal plane (midline 0 μm, ±200
μm, ±600 μm, ±1000 μm) for histology data. Due to the difficulty in accurately sectioning at the
the section location, the sections yielded was usually less than seven. Some of the sections were
out of the plane, often missing the midline section. The sagittal sections were organized into three
from midline to lateral: middle (included 0 and ±200 μm sections), mid-lateral (included ±400 μm
and ±600 μm), and lateral (included ±800 μm and ±1000 μm).
Figure 6-14 shows cc (14 sections) and py (29 sections) TAI distribution compared to
MPSR distribution. The distribution was aligned at s2s level along the x-axial direction. The
biomechanical response values in this figure were the average of all the rats at the section locations
and with TAI summed up at these section locations. Similarly, Figure 6-15 shows cc (21 sections)
TAI distribution compared to MPSR distribution. The distribution was aligned at s2s level along
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the y-axial direction. The biomechanical response values in this figure were the average of all the
rats at the section locations and with TAI summed up at these section locations.
3)

Whole rat level method
Whole rat biomechanical response was represented by averaging all cells of that rat. The

whole rat TAI of a given rat was represented by totaling all TAI counts from that rat. The sample
size of the whole rat was 22 for cc, and 21 for py.
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One cc coronal section
Total 14 sections along x-axial

One py coronal section
Total 29 sections along x-axial

x-axial

A

One py sagittal section
Total 3 sections along y-axial

x-axial

B

y-axial
One cc sagittal section
Total 21 sections along y-axial

y-axial
Figure 6-13 Top view of biomechanical quantification of cc and py. (A) calculated sections
along x-axial direction; (B) calculated sections along y-axial direction
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Figure 6-14 cc and py axonal injury distribution compared to MPSR distribution
(average all rats at s2s level along x-axial direction with SEM)
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Figure 6-15 cc axonal injury distribution compared to MPSR distribution
(average all rats at s2s level along y-axial direction with SEM)

146

6.2.4 LOGISTIC REGRESSION
Outcome Variables
A logistic regression analysis was conducted to determine strong injury predictors and to
establish injury threshold or criterion for TAI. Logistic regression estimates the probability of
occurrence for a given event. Logistic regression is a model where the dependent variable is
categorical. In the current study, the dependent variables are 1 “present” and 0 “absent” categories
on cc and py regions depending the criterion.
Marmarou et al (1994) reported a 2 m drop height generally led to severe TAI because of
the high mortality rate. Axonal injury in this group can be categorized as Grade 3, diffuse axonal
injury (Adams et al., 1989) where axonal abnormalities are more global and include the cerebellum
as well as hemorrhages in the brainstem. Similarly, in our rat experiments, the 2.25 m drop height
produced the highest levels of TAI and the longest time for surface righting.
Li et al. 2012 proposed a method to categorize the “1” and “0” groups. The critical value
of severe TAI was determined as the lower limit (LL) of 95% confidence interval of total TAI
count in 2.25 m (n = 15) impact group, defined as:
Lower limit = 𝑀𝑒𝑎𝑛 − 𝑡(𝛼, 𝑁 − 1) ∗ 𝑠/√𝑁

(6-1)

where t() is the test statistic, N is the sample size. α is the desired significance level, which
is 95% in our case, and s is the sample standard deviation. All rats with TAI number higher than
the LL were grouped into category 1. All rats with TAI number lower than the LL were grouped
into category “0”. To utilize the information of FE model results and axonal counts at element
level 200 x 200, we developed a method to determine the two categories and found a correlation
that best explains the data.
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The logistic function is shown below. Where a and b are constants, x is an independent
variable. The coefficients are estimated by the method of maximum likelihood.

𝐹(𝑥) =
𝐹(𝑥) =

1
1+𝑒 −(𝑎+𝑏𝑥)
1

1+𝑒 −(𝑎+𝑏1 𝑥1 +𝑏2 𝑥2 )

(6-2)

(6-3)

Various univariate and bivariate models were assessed to find a univariate predictor
variable (eq: 6-2), or a bivariate of the variables (eq:6-3), which best explained the data.
Independent Variables
The independent variables to be tested were ICP, ICPR, ICPxICPR, MPS, MPSR,
MPSxMPSR, and CSDM (MPS>0.2).
Various univariate and bivariate models were assessed to find a single predictor variable,
or a combination of the variables, which best explain the data.
Data Used
The data sets used for logistic regression are listed in the Table 6-2.
Table 6-2 The sample size for logistic analysis of cc and py
Analyze levels
Listing all rats
For cc, n=22 rats
(n = No. sample x No. rat)
c2c
n = 294 x 22 = 6468
x-axial direction
n = 14 x 22 = 308
s2c
y-axial direction
n = 21 x 22 = 462
whole rat
n = 1 x 22 = 22
Analyze levels
For py, n=21 rats
c2c
x-axial direction
s2c
y-axial direction
whole rat

Listing all rats
(n = No. sample x No. rat)
n = 87 x 21 =1614
n = 29 x 21 = 537
n = 3 x 21 = 63
n = 1 x 21 = 21
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Model Assessment
To determine whether relationships between outcome and predictor variables were
statistically significant, -2Log Likelihood ratio (-2LLR), Wald Chi-Squared and H-L test were
performed. The sensitivity, specificity, Receiver Operating Characteristic Curve (ROC) (plot of
sensitivity vs. 1 minus specificity), and the area under the ROC (AUC) were also used to assess
and compare the outcome prediction performance between each single and between each single
and paired combinations. The logistic analysis and ROC analysis were performed using SPSS 18
(SPSS Inc. Chicago, Illinois).
6.3
RESULT – CORRELATING BIOMECHANICAL RESPONSE MAP TO TAI
MAP
The overall whole rat TAI results showed py(2.25m)>cc(2.25m)>py(1.25m)>cc(1.25m).
The injury predictors for severe TAI evaluation in this study were local tissue biomechanical
parameters as listed above. Three levels of correlation were made: c2c, s2s, and whole rat. Single
or paired potential predictors were tested by logistic regression for cc and py at three levels,
respectively.
6.3.1 CELL-TO-CELL (C2C)
Six out of seven biomechanical response parameters were used for analysis. Because a cell
contains only a few elements, a reasonable percentage of damaged volumetric value is not
available, so CSDM was not calculated at a c2c level.
1) Correlation for individual rat - cells from each rat
a)

cc structure

First, the correlation was made for each individual rat (total cell number was 294 in the cc
per rat). The cc showed a positive c2c correlation between TAI and MPS, MPSR, and MPSxMPSR
for most of the rats (100%, 95%, 100% of R2 >0, n=22). However, their R2 were very low (9%,
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27%, 18% of R2 >0.1). The TAI between ICP, ICPR, and ICPxICPR were positively related for
only a few rats (27%, 14%, 32% of R>0, n=22). Figure 6-16 (A) shows one example of correlation
plots: Rat13 cc TAI with MPSxMPSR. (R2 of each rat of cc in Appendix Table A-1).
b)

py structure

There was a total of 87 py per rat. The MPS, MPSR, MPSxMPSR were 59%, 69%, 59%
(R2>0, n=21) of the rats respectively positively related to TAI. The ICP, ICPR, ICPxICPR were
41%, 59%, 55% (R2>0, n=21) of the rats positively related to TAI in py. Figure 6-16 (B) shows
one example of the correlation plots: Rat51 py TAI with MPSR. (R2 of each rat of py in Appendix
Table A-2). This is in contrast to cc structure where ICP-related parameters were positively
correlated better with TAI than the MPS-related parameters.
2) Correlation of all cells from all rats.
a)

cc structure

When having cc cells from all of the rats together (n = 294 x 22 = 6468), the MPSR was
the only one of three MPS-related parameters positively related to TAI (R2=0.02). For ICP-related
parameters, the ICP and ICPxICPR showed positive relations with TAI (R2 = 0.1 and 0.06). Figure
6-16 (C) shows an example of the correlation plots for all rats’ cc TAI with MPSR.
b)

py structure

When having py cells from all rats together (n = 87 x 21 = 1614), c2c shows only MPS
positively related to py TAI (R2=0.1) among these six parameters (Figure 6-16 (D)). R2 of all rats
are listed in Appendix Table A-3.
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Figure 6-16 Linear regression between TAI and biomechanical responses at c2c level.
(A) TAI with MPSxMPSR of Rat13; (B) TAI with MPSR of Rat51; (C) TAI with MPSR of all
rats; (D) TAI with MPS of all rats.
0

6.3.2 SECTION-TO-SECTION (S2S)
1) Correlation for individual rat sections from each rat s2s along x-axial direction
a)

Correlation for individual rat - sections from each rat

cc structure: The number of sections along the x-axial direction of cc was14 per rat. The
TAI in cc was positively related to MPSxMPSR followed by MPSR, MPS, and CSDM for 100%,
95%, 91%, 55% of rats respectively (R2>0, n=22). For a higher R2 value (R2>0.2), the correlated
number of rats was more than half (45%, 86%, 77%, 32%), of which most of cases were best
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related with MPSR and MPSxMPSR. For most of the rats, ICP, ICPR and ICPxICPR did not show
any correlation to TAI along the x-axial (only 9%, 5%, 14% of rats, n =22). Figure 6-17 (A) shows
an example of correlation plots: Rat13 MPSR vs. TAI in cc (R2 of each rat of cc in Appendix Table
A-4).
py structure: There were 29 sections along the x-axial of py per rat. MPS-related
responses correlating to TAI was in a similar way to the cc structure but with a fewer number of
rats (57%, 71%, 57%, 38% of R2>0, n=21). On the other hand, ICP-related responses had more
rats in positive relation to TAI than cc (43%, 62%, 48% of R2>0, n=21). Figure 6-17 (B) shows
one example of the correlation plots: Rat39 py TAI with ICPxICPR. (R2 of each rat py sections
TAI with biomechanical responses are provided in Appendix Table A-5).
b)

Correlation for sections from all rats

When evaluating sections from all rats together but analyzing for cc and py (cc: n = 22 x
14=308 sections; py: n=21 x 29 = 537 sections) respectively, the results showed that cc related
most positively to ICP, followed by ICPxICPR and MPSR. Figure 6-17 (C) shows an example of
correlation plots: all rats cc sections TAI with ICP. Results showed that only MPS and CSDM
were related to TAI for py. Figure 6-17 (D) shows an example of correlation: py sections from all
rats CSDM vs. TAI (R2 of sections along x-axial TAI from all rats with responses in cc and py are
provided in Appendix Table A-6).
c)

Correlation for averaging all rats at section locations

All rats’ sections were averaged together for cc and py structures respectively (TAI on cc
from 22 rats were summed up at each of 14 section locations; TAI in py from 21 rats were summed
up at 29 section locations; biomechanical responses were averaged for each structure at sagittal
plane locations). Results showed that TAI in cc and py were best related to MPSR, and TAI in cc
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was also positively related to MPS, MPSxMPSR, and CSDM. TAI in py was positively related to
ICPxICPR (R2 of average all rats at each section provided in Appendix Table A-7, A-8). Figure
6-17 (E) shows an example of correlation: TAI in cc was combined from all rats at each of the 14
sections vs. MPSR, and Figure 6-17 (F) shows TAI in py combined at 29 sections vs. MPSR.

153

Rat13 cc at s2s along x-axial
(n=14)
0.3

MPSR (/ms)

0.25
0.2
0.15

y = 0.0013x + 0.1909
R² = 0.6632

0.1
0.05
0
0

C

0.02
0.015

y = 0.0001x + 0.0132
R² = 0.8771

0.01
0.005
0

50
TAI counts

0

All rats cc sections (n=308)

20
40
TAI counts

60

All rats py sections (n=537)

D

0.2

1.2

y = 0.0004x + 0.0674
R² = 0.1964

1

CSDM (MPS>0.2)

0.15

ICP (MPa)

Rat39 py at s2s along x-axial
(n=29)
0.025

B

ICPxICPR (MPa*MPa/ms)

A

0.1
0.05

0.8
0.6

y = 0.0065x + 0.0918
R² = 0.194

0.4
0.2

0

0

MPSR(/ms)

E

100
200
TAI counts

All rats cc combined at 14
section locations
0.25
0.2
0.15
y = 0.003x + 0.1548
R² = 0.6219

0.1
0.05

300

0

50

100

150

TAI counts

All rats py combined at 29
section locations
0.35

F

MPSR (/ms)

0

0.3
0.25
y = 0.002x + 0.2451
R² = 0.1791

0

0.2
10
20
30
0
10
20
30
TAI counts
TAI counts
Figure 6-17 Linear regression between TAI and biomechanical responses at s2s level x-axial
direction per rat.
(A) TAI with MPSR of Rat13; (B) TAI with ICP of Rat39; (C) TAI with MPSR of all rats; (D)
TAI with ICP of all rats. (E) correlation of combined TAI at 14 cc x-axial section locations and
MPSR; (F) correlation of combined TAI at 29 py x-axial section locations and MPSR
0
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Relationships between the biomechanical responses: The linear relationships between all ICPrelated responses with MPS-related responses are provided in Appendix Tables A-7 and A-8 with
example correlations shown in Figure 6-18. For cc, MPS-related responses were negatively related
to ICP-related responses, while the py shows ICPR had a positive relation with MPS-related
responses (Figure 6-18).
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Figure 6-18 Linear regression between biomechanical responses at s2s level x-axial direction.
2) s2s along y-axial:
a)

Correlation for each rat

First, the correlation was made for each rat at s2s level, with 21 sections in the y-axial
direction per rat cc structure. The results showed that most rats of the cc TAI related very
positively with MPS and MPSR, MPSxMPSR, and CSDM (95%, 95%, 95%, 73%, n=22). About
half cases showed higher R2 value (55%, 55%, 41%, 36% of R2>0.2, n=22) best related to MPS
and MPSR. Unlike the results along x-axial direction, TAI was also highly positively related with
ICP, ICPR and ICPxICPR (100%, 86%, 100%, n=22). Nearly half of the cases had higher R2 value
(36%, 41%, 45% of R2>0.2, n=22). (R2 of each rat of cc in Appendix Table A-9). Figure 6-19 (A)
shows one example of correlation plots: Rat37 cc TAI with MPS.
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More than half of the rats’ py structure TAI was positively related with MPSR and
MPSxMPSR, ICP, and ICPxICPR (67%, 62%, 52%, and 52%, n=21) (R 2 of each rat of cc in
Appendix Table A-10). Notice that because the py along the y-axial direction has only three
sections, the correlation is often either highly positive or highly negative. MPSR showed the best
correlation for py within each rat.
b)

Correlation for sections from all rats

When all rats were examined of all sections together for cc and py respectively
(n=22*21=462 cc sections; n=21*3=63 py sections), the results showed cc was best related to ICP
and ICPxICPR, followed by ICPR and MPSR; py only related positively to MPS and CSDM.
Figure 6-19 (C) and (D) show examples of correlation plots: all rats cc sections of TAI with ICP,
and all rats py sections of TAI with CSDM. (R2 of all rats y-axial sections TAI with cc and py in
Appendix Table A-11).
c)

Correlation for averaging all rats at section locations

When averaging all rats’ sections together for cc and py respectively at each section
location along the y-axial direction (meaning 22 rats’ cc TAI summed up at each 21 section
locations, 21 rats’ py summed up at three section locations with the biomechanical responses
averaged), the results showed both cc and py TAI were positively related to all their biomechanical
responses except py MPS. Unlike the responses’ relation along x-axial direction, the MPS-related
parameters were positively related to ICP-related parameters, except py ICPxICPR with
MPSxMPSR. (R2 of combine all rats at sections in Appendix Table A-12, A-13). The best
correlations for cc TAI ranked in order are ICPR, MPSR, ICP, and ICPxICPR; the best correlation
for py TAI was MPSR and MPSxMPSR.
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Figure 6-19 (E) shows one examples of correlation plots: all rats cc combined at 21 sections
TAI with ICPR; (F) shows all of the rats py combined at three sections TAI with MPSR.
Relationships between the biomechanical responses: The linear relationships between
all ICP-related responses with MPS-related responses are provided in Appendix Table A-12 and
A-13. The example correlations are shown in Figure 6-20. For cc, MPS-related responses were
positively related to the ICP-related responses, while the py showed one negative relation
MPSxMPSR and ICPxICPR (Figure 6-20).
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Figure 6-19 Linear regression between TAI and biomechanical responses at s2s level y-axial
direction per rat
(A) TAI with MPS of Rat37; (B) TAI with ICP of Rat17; (C) TAI with ICP of all rats; (D) TAI
with CSDM of all rats; (E) correlation of combined TAI at 21 cc y-axial section locations and
ICPR; (F) correlation of combined TAI at three py y-axial section locations and MPSR
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Figure 6-20 Linear regression between biomechanical responses at s2s level y-axial direction
0.05

6.3.3 WHOLE RAT
At the whole rat level, all TAI counts from each rat were summed up and correlated to
average cc and py biomechanical responses for each structure respectively. The results showed
that the ICP, ICPR and ICPxICPR in cc (22 rats) related positively to total TAI count, while MPS
and CSDM positively related to total TAI count in py (Appendix Table A-14). The best correlation
was ICP for TAI counts in cc and CSDM for TAI counts in py.
Figure 6-21 shows the examples of correlation plots.
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Figure 6-21 Positive correlation cases of Biomechanical responses and TAI counts
6.4
RESULT – LOGISTIC REGRESSION BETWEEN BIOMECHANICAL
RESPONSES MAP AND TAI MAP
The logistic regression of the TAI map and response maps was performed by listing all rats
together from each of three levels: c2c, s2s (x-axial and y-axial direction) (Table 6-2).
6.4.1 C2C LEVEL CORRELATION - LOGISTIC REGRESSION MODEL RESULTS
Univariate Model Results
For cc structure of all 22 rats, 1017 out of all 6468 (16%) of cells on cc were classified as
severe TAI based on the criteria described in section 6.2.4. The logistic regression model showed
that MPSR and ICP were the best predictors for TAI based on the -2LLR statistic. AUCs for MPSR
and ICP were the highest (0.685 and 0.647). Although the specificities were nearly 100%,
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sensitivities were only 2% and 0.3%, for MPSR and ICP respectively (Table 6-3). Figure 6-22
shows an example plot of the logistic regression using various univariate predictors.
For py structure of all 21 rats, 304 out of 1614 (19%) of cells on py were classified as
severe TAI. The logistic regression model showed that only MPS was a good predictor for TAI
(Table 6-3). Sensitivity was also low as a model for cc. All logistic regression models with
univariate predictors and statistics are provided in Appendix Table A-15 and A-16.
Table 6-3 Logistic regression model of TAI (uivariate) and statistics based on biomechanical
predictors analyzed at cell-to-cell level
Parameter -2LLR test
cc MPSR
cc ICP

Statistic p
347.737 0
260.132 0

Parameter Likelihood
Ratio test
py MPS
81.918
0

Classification Table (50%
AUC Constants
probability)
Sensitivity % Specificity %
a
b
1.9
99.4
0.685 -3.481 8.602
0.3
99.9
0.647 -3.555 24.531
Classification Table (50%
probability)
1.4
99.9

Injury probability
25%
0.277
0.100

50%
0.405
0.145

75%
0.532
0.190

AUC Constants

Injury probability

0.638 -2.829 8.766

0.197

0.323

0.448
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Figure 6-22 Example figures of univariate predictor-based risk curves for severe TAI analyzed at
c2c level
Bivariate Model Results
For the cc structure, various bivariate logistic regression analysis models resulted in
improved statistical power compared to one single predictor. The combination was between six
parameters, with the total number of bivariate combinations 𝐶62 = 6 x 5 / 2 = 15. In nine out of 15
models, the MPSR and ICP best predicted TAI. The sensitivity increased from 1.9% to 7.4%
compare to a single predictor (Table 6-4). Figure 6-23 shows an example plot of the logistic
regression by various bivariate predictors. All logistic regression bivariate models, predictors, and
statistics are provided in Appendix Table A-17.
For py structure, none of the bivariate models showed predictive power for py TAI.
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Table 6-4 Logistic regression model of TAI (bivariate) and statistics based on biomechanical
predictors analyzed at the cell-to-cell level

cc MPSR+ICP
cc MPS+ICP

Statistic
625.542
530.841

p
0
0

B

cc severe TAI vs. MPSR+ICP
1

Constant
a
-5.616
-6.158

b1
9.14
10.705

b2
26.282
35.086

cc severe TAI vs. MPSxMPSR+ICP
1
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Figure 6-23 Example figures of bivariate predictor-based risk curves for severe TAI analyzed at
cell-to-cell level
6.4.2 SECTION-TO-SECTION (S2S) CORRELATION - LOGISTIC REGRESSION
MODEL RESULTS
1)

s2s along x-axial

Univariate Model Results
In the cc structure of all 22 rats, 55 out of 308 sections (18%) were classified as severe
TAI; in the py structures of all 21 rats, 105 out of 537 sections (19.5%) were classified as severe
TAI. Table 6-5 lists the top predictors based on the statistics for TAI in cc and in py. Figure 6-24
shows the injury probability function for the four regression models in Table 6-5. Their AUC was
above 0.7, which was better than the best predictors analyzed at the c2c level. All logistic
regression models based on univariate predictors and associated statistics are provided in
Appendix Tables A-18 and A-19.
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Table 6-5 Logistic regression model of TAI (univariate) and statistics based on biomechanical
predictors analyzed at the section-to-section level along the x-axial direction
Parameter

-2LLR test

cc ICP
cc MPSR
py MPS
py CSDM

Statistic
33.661
25.206
49.186
45.727

p
0
0
0
0

Classification Table (50%
probability)
sensitivity % specificity %
18.2
97.2
0
99.2
4.8
96.8
0
100

cc severe TAI probability by ICP

A

0.746
0.705
0.727
0.699

a
-4.828
-4.618
-3.747
-1.901

Injury Probability

b
25%
44.512 0.084
16.406 0.215
14.041 0.189
1.826 0.439

50%
0.108
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Figure 6-24 Example figures of univariate predictor-based risk curves for severe TAI analyzed at
the section-to-section level along the x-axial direction
Bivariate Model Results
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For cc, 12 models can predict TAI. The best two bivariate logistic models for predicting
TAI in cc were based on MPSR+ICP. For TAI in py, MPS+CSDM was the best predictor (Table
6-6). The sensitivity of the bivariate model improved to 25.5% for cc and 7.6% for py as compared
to 18.2% and 4.8% from the univariate model. Figure 6-25 shows the example plots of logistic
regression models. All logistic regression bivariate predictors and statistical assessment is in
Appendix Table A-20, A-21.
Table 6-6 Logistic regression models of TAI (bivariate) and statistics based on biomechanical
predictors analyzed at the section-to-section level along the x-axial direction
Parameters

-2LLR test

cc MPSR+ICP
cc MPSxMPSR+ICP
py MPS+CSDM

Statistic
56.989
48.688
51.022

p
0
0
0

Classification Table (50%
probability)
sensitivity % specificity %
25.5
96
18.2
95.7
7.6
95.8

Constant
a
-7.996
-6.550
-3.137

b1
16.565
53.112
9.213

b2
44.924
53.299
0.732
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Figure 6-25 Example figures of bivariate predictor-based risk curves for severe TAI analyzed at
the section-to-section level along the x-axial direction
2)

s2s along y-axial

Univariate Model Results
In the cc structure of all 22 rats, 82 out of 462 sections (18%) were classified as severe
TAI; in the py structures of all 21 rats, 18 out of 63 sections (28.6%) were classified as severe
TAI. The best two predictors based on the statistics for TAI in cc and in py are shown in Table
6-7. ICP and ICPxICPR were the best predictors for TAI in cc with the AUC of 0.84 and 0.76,
respectively. For TAI in py the best predictor was MPS followed by CSDM with the AUC of 0.9
and 0.86, respectively. The AUC values were better than the best predictors analyzed on s2s level
along the x-axial direction. Figure 6-26 shows the injury probability plot based on the constant
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estimated from the logistic regression model shown in Table 6-7. All logistic regression models
based on univariate predictors and associated statistic are provided in Appendix Tables A-22 and
A-23.
Table 6-7 Logistic regression models of TAI (univariate) and statistics based on biomechanical
predictors analyzed at the section-to-section level along the y-axial direction
Classification Table (50%
Parameter -2LLR test
AUC Constant Injury Probability
probability)
Statistic p sensitivity % specificity %
b
25% 50% 75%
cc ICP
103.8
0 29.3
98.4
0.835 74.075
0.084 0.098 0.113
cc ICPxICPR 75.219 0 37.8
98.4
0.762 138.91
0.015 0.023 0.031
py CSDM
28.4
0 83.3
86.7
0.859 -3.110
6.945 0.290 0.448
py MPS
23.843 0 66.7
91.1
0.9 -9.045
46.9
0.170 0.193
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Figure 6-26 Example plots of univariate predictors based risk curves for severe TAI analyzed at
the section-to-section level along the y-axial direction
Bivariate Model Results
Fourteen models can predict TAI in cc; moreover, MPSR+ICP and MPSxMPSR+ICP
based bivariate predictors showed improved sensitivity (Table 6-8). No bivariate models were
found to be predicable for TAI in py. The sensitivity of the bivariate model improved to 47.6% for
cc as compared to 37.8% of the univariate model. Figure 6-27 shows the injury probability plots
based on the constant estimated from logistic regression models shown in Table 6-8. All logistic
regression models based on univariate predictors and associated statistics are provided in
Appendix Table A-24.
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Table 6-8 Logistic regression models of TAI (bivariate) and statistics based on biomechanical
predictors analyzed at the section-to-section level along the y-axial direction
Classification Table (50%
Parameter
-2LLR test
Constant
probability)
Statistic p sensitivity % specificity %
a
b1
b2
cc MPSR+ICP
134.019 0
47.6
97.9
-9.956 12.191 75.046
cc MPSxMPSR+ICP
139.724 0
46.3
96.6
-9.603 49.694 87.465
CC TAI vs. MPSR+ICP

0.6
0.4
0.1

0.2

0.05
0

0.8
0.6
0.4
0…

0.2

0…

0

0
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0.1
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0
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0.8
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1
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cc severe TAI vs. MPSxMPSR+ICP

ICP (MPa)
ICP (MPa)

Figure 6-27 Example plots of bivariate predictor-based risk curves for severe TAI analyzed at the
section-to-section level along the y-axial direction
6.4.3 WHOLE RAT LEVEL CORRELATION - LOGISTIC REGRESSION MODEL
RESULTS
Univariate Model Results
In the cc structure of all 22 rats, seven cases (32%) were classified as severe TAI. Likewise,
for all 21 rats, eight cases (38%) were classified as severe TAI for py structures. Analyzed at the
whole rat level for py, MPS and CSDM were the best predictors for TAI with AUC values at 1.
The sensitivity and specificity of the models were 100% which means all injury cases were
correctly predicted by these two biomechanical response parameters (Table 6-9). ICP and MPSR
were the best predictors with AUC values of 0.88 and 0.77 for TAI in cc. The sensitivity and
specificity were 57% and 93% of ICP. All logistic regression univariate models, predictors and
associated statistics are provided in Appendix Table A-25.
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Bivariate Model Results
The bivariate models which combined the two best univariate predictors, MPS+CSDM
maintained 100% sensitivity and specificity for predicting TAI in py. For TAI in cc, bivariate
models combining ICP and MPS improved the predictability of TAI in cc to 100% sensitivity and
specificity. Figure 6-28 shows the logistic regression model plots based on various univariate and
bivariate predictors (Table 6-9). All logistic regression models, predictors and associated statistics
are provided in Appendix Table A-26.
Table 6-9 Logistic regression models of TAI (univariate and bivariate) and statistics based on
biomechanical predictors analyzed at the whole rat level
Univariate

py_MPS
py_CSDM
cc_ICP
cc_MPSR
Bivariate
py MPS+CSDM
cc MPS+ICP
cc ICP+CSDM

-2LLR test

Classification Table (50%
ROC Constant
probability)

Statistic p

sensitivity % specificity % area a

b

25%

50%

75%

27.91
27.91
12.306
5.249

100
100
57.1
42.9

1797.472
300
201.364
31.035

0.180
36.12%
0.070
0.173

0.180
36.49%
0.076
0.209

0.180
36.85%
0.081
0.244

0
0
0
0.022

-2LLR test
Statistic p
27.91
0
27.522
0
27.522
0

100
100
93.3
93.3

0.889
1
0.876
0.771

-324.223
-109.461
-15.285
-6.479

Classification Table (50% probability)
sensitivity % specificity %
100
100
100
100
100
100

Injury Probability

a
-325.244
-709.378
-699.626

Constant
b1
1801.75
1456.07
8419.292

b2
0.573
6384.654
402.64
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cc severe TAI vs. ICP

ROC of cc MPS (AUC=0.876)
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Figure 6-28 Example plots of univariate and bivariate predictors-based risk curves for severe
TAI analyzed at the whole rat level
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6.5

DISCUSSION

6.5.1 DISCUSSION OF C2C
The analysis of c2c correlation of biomechanical responses and TAI used 22 rats with 294 cells
from each rat in the cc structure and 21 rats with 87 cells from each rat in the py structure. The
TAI counts across all grids/cells (200 x 200 micron) from the TAI map were discrete where one
cell contained a few TAI counts and the surrounding cells contained 0 TAI counts. On the other
hand, biomechanical responses were continuous and exhibited response gradients in the injury
location. This led to the low degree of correlation when the maps were compared at c2c level,
especially for the cc TAI counts, which were much fewer and presented a much greater number
of 0 TAI cells compared to that of py. Figure 6-29 shows an example of a TAI map and MPSR
map in cc (Rat38). The high TAI numbers are scattered over the cc with few or zero TAI counts
beyond the impact center. The MPSR distribution shows a continuous response with a gradient
initiated from the hot spot to the peripheral region.

Figure 6-29 TAI and MPSR distribution of cc of Rat38
The TAI found in cc related positively to MPS and MPS-related parameters in the majority
of rats though a few were related to ICP-related parameters. As shown in Chapter 5, the model
predicted MPS and MPS-related parameters were strongly correlated to head rotational kinematics
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whereas ICP and ICP-related parameters were more related to head translational kinematics. All
things considered, knowing the variability of the head kinematics of this injury model may suggest
that the profile of the biomechanical responses was dictated by the profile of the head kinematics
experienced by each rat.
When combining cells together from all rats, the TAI in cc were related to ICP or
ICPxICPR parameters but not to MPS or MPS-related parameters. This may imply that the overall
TAI severity level was related to the intracranial pressure response associated with the overall
translation of energy in the head. Given that the translation energy experienced by the head was
2.5 times (slope of linear regression curve) that of the rotational energy (Figure 6-30), the ICP
responses could play a major role in injury production and be responsible for TAI severity.

Rat Head kinematic Energy

Rotational Energy (J)

1

y = 0.407x - 0.0023
R² = 0.4677

0.8
0.6
0.4
0.2
0
0

0.5

1
Linear Energy (J)

1.5

2

Figure 6-30 Rat head energy between translational and rotational components in response to
impact of the same severities (2.25 m and 1.25 m)
The cc contained a large amount of zero TAI counts at each cell level, so the LL of 95%
CI value used as cutoff line was only 0.54. That means when using this value to categorize severe
or non-severe TAI, the cells containing only 1 TAI count were categorized into 1 of binary logistic
category (severe). This may be a confound issue causing the low sensitivity of logistic regression.
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6.5.2 DISCUSSION OF S2S ALONG X-AXIAL DIRECTION
The analysis of biomechanical correlation by averaging s2s at each section location shows
the degree of correlation was not the same as the method of having all of the rats’ sections together.
MPSR was the best parameter for TAI distribution in both cc and py from individual rats. The
averaging approach for TAI counts could not take into account individual differences and,
therefore, may not account for the presence of the systemic differences between the injured rats.
When considering all rat sections together, the TAI in cc showed similar results as the c2c approach
examining all rat cells together. The best correlation of TAI in cc was ICP.
6.5.3 DISCUSSION OF S2S ALONG Y-AXIAL DIRECTION:
When analyzing each individual rat, TAI in cc from s2s along the y-axial was highly
correlated with MPS and MPS-related parameters. The correlation results were the same as those
by s2s along the x-axial direction and c2c approaches. Other than that, the TAI at the y-axial highly
corresponded to ICP-related parameters, which differed from s2s along the x-axial direction and
c2c results. Thus, the injury distribution along the y-axial direction was related to both MPS- and
ICP-related parameters.
For py structure, there are seven sagittal sections aligned along the y-axial direction. After
flipping at midline (organized into half sides, from left to right), only three sections along the yaxial direction were used for analysis. So, any minimal inaccurate data can cause a large variation
in correlation.
6.5.4 DISCUSSION OF LINEAR CORRELATION RESULTS
MPSR was positively correlated to TAI counts for most rats analyzed at the s2s level,
indicating that TAI distribution in each rat followed the MPSR distribution. When combining
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sections from all rats together, TAI in cc was found to best correlate with ICP instead. This may
indicate that ICP degree may be indicative of extent of the TAI.
The results of the linear model from the current study suggest that TAI distribution within
a rat was determined by the MPSR. For cc structure, overall TAI severity was determined by the
ICP. For py structure, TAI distribution was determined by the MPSR, and TAI severity was
determined by the MPS.
6.5.5 DISCUSSION OF LOGISTIC REGRESSION ANALYSIS OF THE WHOLE RAT
The number of rats for whole rat level analysis was 22 for cc and 21 for py. From those,
seven out of 22 in cc and eight out of 21 in py were categorized as severe TAI. However, a larger
sample size is needed in future study because a logistic regression model needs at least ten samples
in each category to have significant results according to Bland (2000).
The logistic regression model based on MPS in py accurately predicted all severe TAI and
non-severe TAI, and the ICP based model accurately predicted cc. Adding MPS to ICP improved
predictability of the logistic model for TAI in cc in terms of sensitivity.
6.5.6 DISCUSSION FOR TAI PREDICTION AND THRESHOLD IN CC AND PY
In general, overall TAI in py had a weaker correlation to the biomechanical responses than
cc in individual rat analysis. Given that direct impact to the rat head was simulated by the
prescribed motion to the head, any potential skull deformation under the impactor could not be
simulated and replicated. From the parametric studies reported in Chapter 4.10, though the spatial
pattern of the biomechanical response in cc was not affected by the presence of the skull
deformation, the magnitude and spatial pattern of ICP and ICPR in py were altered. This may have
affected accuracy of the model prediction leading to a less satisfactory correlation with injury
severity.
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At the same injury probability, for example 50% risk of severe TAI, MPS in py was lower
than the value in the cc of all three levels (c2c, s2s, and whole rate). This was likely due first to
the fact that the axonal fibers in the caudal medulla region of the py have cross fiber alignment
and a smaller caliber of fiber. Also, the intrinsic properties of py may be vulnerable to mechanical
damage and have a lower injury tolerance than axonal fibers in cc. (Kallakuri et al., 2012). In fact,
the TAI counts in py were much higher than those in cc. The FE model-predicted biomechanical
responses did not show significant difference between cc and py. The inherent cellular level
vulnerability needs to be incorporated into threshold level determination. Second, the parametric
study showed the potential underestimation of strain in the py region and overestimated in the cc
with the prescribed motion method, suggesting a higher strain for py and a lower strain for cc
would be adequate. Finally, the MPS was found mainly in the sagittal plane in this study due to
the loading direction. When the cc axonal fiber alignment is mainly along the coronal plane, the
predict strain threshold to cause TAI along the fiber axial direction may be lower than the current
MPS threshold in cc.
In predicting a 50% probability of severe TAI as determined by the current study, MPS
ranged from 0.18 to 0.53, and ICP ranged from 0.076 to 0.145 MPa (Table 6-10), depending on
the injury-response mapping methods. The severe TAI thresholds developed in this study was
comparable with the data from other studies (see review in Section 2.10.2). Published threshold
data ranges from 0.05 to 0.4 for MPS for various brain injury severities, while reported ICP data
ranges from 0.0658 to 0.09 MPa for concussion and contusion injury. The thresholds developed
from the current study were for severe TAI, equivalent to AIS 4+ injury severity.
Based on the MPSR threshold from the current study, the risk of having 50% TAI ranged
from 209 to 405 /s, which is much higher than what has been reported by other studies. The MPSR
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of 10-50 /s was reported based on cultured brain hippocampus slides with strain level up to 0.5
(Morrison III et al., 2003). The MPSR threshold for mild TBI was reported at 48.5 /s (Kleiven,
2007). From a piglet TAI study (Sullivan et al., 2014) at three directional rotations, the 50%
threshold value based on MPSR was reported to be 38~40 /s. Note that the TAI from the current
study was much more severe than those reported studies and none of those studies used an injury
map or a biomechanical response map at the level of detail reported in the current study. The strain
rate level of 200 /s was considered realistic. However, more study is needed to confirm the
deformation rate at which severe TAI occurs.
Table 6-10 Univariate logistic predictors’ value at 50% severe TAI
Analysis
levels

50% severe TAI for cc

s2s (x- s2s (y- Whole
axial)
axial)
rat
MPS
0.429 0.53
0.387
0.198
MPSR
0.405 0.281
0.353
0.209
MPSxMPSR 0.096 0.067
0.083
0.028
CSDM
N/A
3.066*
1.308* 0.419
ICP
0.145 0.108
0.098
0.076
ICPR
3.822 1.708
0.388
0.303
ICPxICPR
0.05
0.029
0.023
0.014
*CSDM value above 1 is not a reasonable value.
Parameter

c2c

50% severe TAI for py
c2c
0.323
N/A
N/A
N/A
N/A
N/A
N/A

s2s (xaxial)
0.267
N/A
N/A
1.041
N/A
N/A
N/A

s2s (yaxial)
0.193
N/A
N/A
0.448
N/A
N/A
N/A

Whole
rat
0.18
N/A
0.035
0.365
N/A
N/A
N/A

6.5.7 DISCUSSION OF UNIVARIATE AND BIVARIATE LOGISTIC MODEL
The bivariate combinations of MPS- and ICP-related parameters improved model statistics
for predicting TAI in cc. The bivariate combinations of MPS and CSDM at s2s (x-axial) and whole
rat level were the only bivariate models that improved TAI prediction in py. The bivariate logistic
regression model resulted in better ROC than the univariate model.
6.6

CONCLUSION
Based on the correlation between the TAI map and the biomechanical response map of the

cc structure, MPSR was found to be the parameter responsible for the injury extent and distribution
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of TAI of an individual rat from a given impact, with the ICP the parameter determining the injury
severity of TAI. MPS was the parameter responsible for injury distribution and severity for py
structure.
Logistic regression models based on various biomechanical predictors have been
developed and analyzed to find the best injury predictor for severe traumatic axonal injury in the
corpus callosum and pyramidal tracks of the brainstem. A variety of injury data analysis
approaches have been evaluated to best represent the severity and extent of quantified TAI data in
elemental, sectional, and whole structure levels. The threshold values from each proposed
predictor have been estimated based on the logistic regression model.
The best univariate predictors and models from each analysis level are summarized in
Table 6-11. The best TAI predictor for cc structure was MPSR at c2c level and ICP at s2s and
whole level. The best TAI predictor for py was MPS for all three levels, while CSMD was equally
as good as MPS at the whole rat level. Overall, the best predictor for TAI in cc was ICP, and MPS
in py. The threshold for 75% of TAI in cc was 0.081 MPa of ICP; 75% of TAI in py was 0.18 of
MPS. The equations to calculate injury probability are below:
For cc: 𝐹(𝑥)

=

For py: 𝐹(𝑥)

=

1
1+𝑒 −(−15.285+201.364∗𝐼𝐶𝑃)
1
1+𝑒 −(−313.15+1744.445∗𝑀𝑃𝑆)

(6-4)

(6-5)

The best bivariate predictors and models from each analysis levels are summarized in Table
6-12. MPSR with ICP were the best combined predictors for TAI in cc based on c2c and s2s level.
The combination of MPS and ICP was equally good as ICP and CSDM based on whole structure
analysis (averaging results). MPS and CSDM were the best combined predictors for TAI in py
from s2s and whole structure analyses. Overall, the best bivariate predictors for TAI in cc was
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MPS and ICP, or ICP and CSDM; for TAI in py, the bivariate predictors were MPS and CSDM.
For a 75% probability of sustaining TAI in cc, for example, with an ICP of 0.082 MPa, the tolerable
MPS is only 0.13. When ICP is at 0.052 MPa, the tolerable MPS value increased to 0.26. For a
75% probability of sustaining TAI in py, for example, as CSDM(MPS>0.2) exceeds 0.4, the
tolerable MPS is 0.18. The equations to calculate injury probability for cc and py are below:
For cc: 𝐹(𝑥)

=

For py: 𝐹(𝑥)

=

1
1+𝑒 −(−709.378+1456.07∗𝑀𝑃𝑆+6384.654∗𝐼𝐶𝑃)
1
1+𝑒 −(−325.244+1801.75∗𝑀𝑃𝑆+0.573∗𝐶𝑆𝐷𝑀)

(6-6)
(6-7)

Table 6-11 Best univariate predictor for cc and py
Best univariate predictor of corpus callosum
Injury probability
Analysis level
Parameter
AUC
25% 50% 75%
c2c
MPSR
0.685 0.277 0.405 0.532
s2s (x-axial)
ICP
0.746 0.084 0.108 0.133
s2s (y-axial)
ICP
0.835 0.084 0.098 0.113
whole rat
ICP
0.876
0.07 0.076 0.081
Best univariate predictor of pyramidal tract
Analysis level
Parameter AUC
c2c
MPS
0.638
s2s (x-axial)
MPS
0.727
s2s (y-axial)
MPS
0.9
MPS
1
whole rat#
CSDM
1
#whole rat has two predictors equally best

Injury probability
25% 50% 75%
0.197 0.323 0.448
0.189 0.267 0.345
0.17 0.193 0.216
0.18 0.18 0.18
0.36 0.365 0.369
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Table 6-12 Best bivariate predictors of each analysis level
Best bivariate predictors of
AUC
ROC
corpus callosum
1st
2nd
Analysis level Parameter
sensitivity % specificity %
parameter parameter
c2c
MPSR + ICP
0.685
0.647
7.4
99.1
s2s (x-axial)
MPSR + ICP
0.705
0.746
25.5
96
s2s (y-axial)
MPSR + ICP
0.68
0.835
47.6
97.9
MPS + ICP
0.686
0.876
100
100
whole rat*
ICP + CSDM
87.60%
61.40%
100
100
*#whole rat has two combinations of predictors equally best
Best bivariate predictors of
pyramidal tract
Analysis level

Parameter

s2s (x-axial)
whole rat

MPS + CSDM
MPS + CSDM

AUC

ROC

1st
2nd
sensitivity % specificity %
parameter parameter
0.727
0.699
7.6
95.8
1
1
100
100
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK
7.1

CONCLUSIONS
In summary, a finite element model with a detailed head and brain and simplified full body

has been successfully developed. To our best knowledge, this is the first rat head model that has
been validated against all experimentally measured responses. The model enables the simulation
of rat head impact acceleration injury which has not been done in the past. The correlation of the
local biomechanical parameters with the severity and extent of axonal injury at tissue/cellular
levels following a traumatic injury has been established, and this improves our understanding of
tissue-level injury mechanism for white matter injury. The thresholds of axonal injury were
determined based on the direct mapping of localized tissue/cellular response with an in vivo axonal
injury map which has never been done to this level of details.
The following are some key achievements from this study:
1)

The FE rat head and full body model is an improvement over previous rat head FE models

and has the following advanced features:
a) The white matter tracts and structures (corpus callosum and brainstem) are defined as
transversely isotropic materials to present the directionality of the axonal fibers in the white
matter;
b) The model was able to accurately predict the deeper brain tissue deformation under
dynamic rotational loading, which enables the rat brain model to predict brain deformationrelated injury, such as axonal injury;
c) The full body model enables its capability to simulate head impact acceleration injury
model, which is the most important pre-clinical TBI model relevant to the biomechanics of
axonal injury in humans.
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2)

Parametric studies of the impact acceleration injury model have been conducted to

understand the biomechanical factors involved in vivo experiments and resulting variability of the
injury outcomes
a) Medullary-cervical response was accurately calculated by providing a proper boundary
from body during the IA test.
b) The inclined helmet angle to the impact surface and the skull stiffness were two of the
reasons resulting in large variations of head kinematics and subsequent injury pathology
observed in the experiment.
c) Prescribed motion may result in an overestimation of MPS by 7% in cc and an 8%
underestimation in py. The ICP and ICPR had a 15% underestimation in cc, and a 24%
underestimation in py with altered distribution profiles as well.
3)

FE simulation and biomechanical analysis of the in vivo rat head impact acceleration

experiments and axonal injury maps were conducted.
a) All the biomechanical responses between the corpus callosum and pyramidal tracts in each
rat were positively related.
b) Rotational velocity/acceleration of the head was responsible for high strain and strain rate
in corpus callosum and pyramidal tracts; whereas linear acceleration of the head was
responsible for the pressure gradient in the corpus callosum and pyramidal tracts.
4)

Tissue level injury thresholds have been developed based on various logistic regression

models.
a) A tissue-level severe TAI threshold for cc and py was developed for seven parameters.
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b) MPSR was found to be the parameter responsible for the injury extent and distribution of
TAI in individual rats from a given impact, and the ICP was the parameter determining the
injury severity of TAI.
c) Overall, the best injury predictor for severe TAI in cc was ICP, and MPS in py. The
threshold for 75% of TAI in cc was 0.081 MPa of ICP; 75% of TAI in py was 0.18 of MPS.
7.2

IMPACT
Animal models can produce injury data which is not available from human experiments;

however, when the criterion is translated to humans, a scaling method is needed (Holbourn, 1943);
(Stalnake.Rl et al., 1972). Because the geometrical difference between human and animal heads
can affect internal brain response, the scaling method has been criticized for being scarcely
validated (Ommaya and Hirsch, 1971). The injury threshold developed from this study was based
on directly correlating FE model tissue response to the injury data from in vivo animal experiments.
While rat and human brains have many noticeable differences (size, shape, white matter
distribution, gyri, etc.) at the tissue or cellular level, the mechanical behavior of neural tissue does
not vary significantly from one species to another. The tissue level threshold developed from this
study can be directly translated to the human head model. This information will enhance the
capability of the human head model in predicting brain injury and potentially lead to the
development of revised brain injury criteria to prevent traumatic brain injury.
7.3

LIMITATIONS

Out of plane head kinematics
Large variability and asymmetry of the axonal injury in cc and py assessed by
immunochemistry were observed from TAI quantification in the histology section. This may be
caused by the variation of head movement in or out of the sagittal plane. The head kinematics in
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the sagittal plane were recorded and reconstructed for each rat test; however, the measurement of
lateral motion was not available in this study due to a lack of a sensor measuring out-of-plane
motion. It was a technological challenge to attach more than two miniature sensors on a rat head.
The parametric study showed that lateral motion caused by a slightly offset, sideways helmet angle
could affect the brain responses between the left and right hemispheres as shown by the FE model.
The simulated responses based on pure sagittal motion may affect the accuracy of the FE
simulation prediction of in vivo rat experiments.
Skull deformation
The prescribed head motion was the only way to numerically reconstruct each individual
experiment performed on the in vivo rat. The method did not account for the contact effect of the
impact on the helmet. The potential skull bending, and subsequent transient pressure caused by
falling weight were not simulated.

The parametric studies showed that the biomechanical

responses in the brainstem were related to the increase in skull deformation. Although the cases
included in TAI counts were free of skull fractures, for those impact cases where the presence of
the skull deformation may have had an effect on the brain responses, the model may underestimate
the effect.
Large variation of the head kinematics and TAI results
Large variation was noted in the head kinematics and TAI results in rat groups within each
drop height. The inclined helmet surface to the impact surface and differing skull properties
between rats may play a role in the in vivo animal test as shown by the FE analysis. A further
improvement in the control of helmet angle would be required to improve the repeatability of the
impact and ensure the consistency of the resulting head kinematics.
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The process and method of tissue preparation, histology section, and TAI counting may
also affect the accuracy of the measures in TAI severity and distribution profile. Brain tissues were
sectioned coronally through the cc structure and sagittally through the py in an effort to align with
the direction of the fiber bundles. There was no instrument that would assure the alignment and
consistency where the section could cross multiple fibers in an adjacent section. The pyramidal
tracts close to caudal medulla have cross alignment fibers, so the counting of axonal changes in
the regions with misalignment might be overestimated. Additionally, the pyramidal tract location
based on the pontine nuclei was not easy to identify in the histology section and could cause
misinterpretation of TAI counts in some regions. Finally, the timing to euthanize the rat in this
study was at 24 hours post impact, which could mean missed TAI counts that developed beyond
24 hours.
Logistic regression for at whole rat level:
The total number of severe TAI cases were limited to seven out of 22 rats for cc analysis
and eight out of 21 rats for py analysis. This sample size may affect the model significantly (Bland,
2000). A larger sample size is needed in future work when the analysis is done on the whole rat
basis.
7.4

FUTURE WORK
Future work will focus on the correlation of the other biomechanical response maps from

the FE rat brain model to the TAI injury maps to establish tissue level thresholds. Those
biomechanical parameters were proposed by existing studies listed in section 2.10.2 such as vonmise strain/stress, shear strain/stress, strain energy, etc.
More mechanical testing on the characterization of the transversely isotropic material
models and material properties of white matter are needed and should be incorporated in the FE

185

model to accurately represent brain behaviors at various loading conditions, especially at a loading
rate (>100 /s) causing severe brain damage.
Future work shall also include the simulation of impact acceleration injury experiments
conducted at less severe impact conditions to understand mild axonal injury and concussion. The
injury thresholds encompassing a broad spectrum of TBI can then be established.
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Traumatic brain injury (TBI) is caused by local tissue deformation at the time of trauma,
leading to neurological dysfunction. In the United States alone, 2.87 million people sustain a TBI
each year, of which one-fifth results in death. Traumatic axonal injury (TAI) is a well-recognized
consequence of every fatal head injury and more than 85% of vehicular crash-related blunt head
injuries. The most common and important pathologic feature of TBIs are multifocal changes to
axons in the white matter produced by rapid head acceleration/deceleration during a traumatic
event with consequent local shear/tension on neural tissue and axons contributing to secondary
cellular injury. The Head Injury Criterion (HIC) is currently used by the US government for the
evaluation and design of vehicular safety systems. HIC does not account for local tissue responses.
Currently, the relationship between the local mechanical responses within the brain tissue and
subsequent injury to this tissue are not well understood.
Finite element (FE) modeling of in vivo TBI is an effective approach to compute local
mechanical response and correlate to the injury location and severity. To our best knowledge, none
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of the other FE rat models are capable of simulating in vivo closed head impact acceleration injury
and predicting widespread TAI in the rat brain.
The goal of this research was to determine mechanical thresholds for white matter injury
at the tissue level by correlating the local mechanical response (e.g. strain, stress) from an FE
model with axonal pathology from in vivo experiments. An anatomically detailed FE rat head/brain
model with a simplified body was developed, and FE simulations of in vivo experiments were
performed.
The anatomically detailed rat head model consisted of over 724,000 elements, of which
301,000 were in the brain (200 x 200 x 200 micron). The white matter tissues with highly aligned
axonal fibers were modeled with transversely isotropic materials to simulate impact directiondependent injury in the brain. The rat head/body model was validated against in vivo rodent
dynamic cortical deformation, brain-skull displacement, and head impact acceleration
experimental data. A series of FE parametric studies were conducted to identify various
biomechanical factors contributing to the variability of injury severity observed among
experiments and across different labs.
The FE rat model simulated in vivo TAI in rat brains from closed-head impact acceleration
experiments. The correlation of the local biomechanical parameter map with the severity and
extent of axonal injury map at tissue levels was established. This improved our understanding of
tissue-level injury mechanism for white matter injury. The tissue level thresholds for white matter
injury was established by logistic regression analysis. The localized severe TAI in cerebral white
matter (corpus callosum region) was best predicted by intracranial pressure (81 kPa) and maximum
principal strain (0.26), while the white matter tracts in the brainstem (pyramidal tracts) were best
predicted by localized maximum principal strain (0.18) response. The tissue level thresholds

213

developed from this study can be directly translated to the FE human head model. This information
will enhance the capability of the human head model in predicting brain injury.
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ABBREVIATION
Abbreviation
TBI
TAI
HIC
FE
DAI
cc
CT
MRI
DCD
SD
FPI
CCI
BBB
PBBI
IA
WSU
CSF
WSUHIM
SIMon
THUMS
GHBMC
NFL
WSTC
GSI
NHTSA
BrIC
CSDM
NCAP
AFM
DTI
CR
py
ml
mlf
PAC
S
ST
T

Whole Word
Traumatic Brain Injury
Traumatic Axonal Injury
Head Injury Criterion
Finite Element
Diffuse Axonal Injury
Corpus Callosum
Computer Tomography
Magnetic Resonance Image
Dynamic Cortical Deformation
Sprague-Dawley
Fluid Percussion Injury
Controlled Cortical Impact
Blood-Brain Barrier
Penetrating Ballistic-Like Brain Injury
Impact Acceleration
Wayne State University
Cerebrospinal Fluid
Wayne State University Head Injury Model
Simulated Injury Monitor
Total Human Model for Safety
Global Human Body Modeling Consortium
National Football League
Wayne State Tolerance Curve
Gadd Severity Index
National Highway Traffic Safety Administration
Brain Injury Criteria
Cumulative Strain Damage Measure
New Car Assessment Program
Atomic Force Microscope
Diffusion Tensor Imaging
Corona Radiata
Pyramidal Tracts
Medial Lemniscus
Medial Lemniscus Fasciculus
Pia-Arachnoid Complex
Sliding
Sliding Tiebreak
Tiebreak
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sd
B_2°
B_5°
F_2°
F_5°
S_2°
S_5°
Eskull_L
Eskull_H
Eskull_Rigid
Baseline-psbd
Eskull_Rigidpsbd
IAT
NFC
MPS
MPSR
MPSxMPSR
ICP
ICPR
ICPxICPR
CI
-2LLR
ROC
AUC

Standard Deviation
Helmet Angle Inclined 2 Degrees Backward
Helmet Angle Inclined 5 Degrees Backward
Helmet Angle Inclined 2 Degrees Forward
Helmet Angle Inclined 5 Degrees Forward
Helmet Angle Inclined 2 Degrees Sideway
Helmet Angle Inclined 5 Degrees Sideway
Skull Stiffness 20% Lower Than Baseline Case
Skull Stiffness 20% Higher Than Baseline Case
Skull Stiffness the Same as Baseline Case, Material Card Used
Mat_Rigid
Baseline Case with Prescribed Motion
Rigid Skull Case with Prescribed Motion
Impaired Axoplasmic Transport
Neurofilament Compaction
Maximum Principal Strain
Maximum Principal Strain Rate
Maximum Principal Strain x Maximum Principal Strain Rate
Intracranial Pressure
Intracranial Pressure Rate
Intracranial Pressure x Intracranial Pressure Rate
Confidence Interval
-2 Log Likelihood Ratio
Receiver Operating Characteristic
Area Under the ROC Curve
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